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FIGURES

Figure 2.1: An example of measured ASCAT scatterometer hurricane winds,
explained at projects.knmi.nl/scatterometer/tile_prod/tile app.cgi. Winds up
to 70 knots or 35 m/s are measured by ASCAT in speed-coloured flags for this
case, while the collocated ECMWF winds are plotted in green. 16

Figure 3.1. lllustration of modified (2012) SFMR wind speeds (blue), rain rate,
RR, (red) and collocated ASCAT speed, V, (green) and SFMR-ASCAT speed
difference. SFMR speeds have been ad hoc modified to match ASCAT over a
large number of typhoons. This matching required subtraction of In(RR) and
In(V) and provides an estimate of current typical calibration uncertainty.
Although uncertain, the ASCAT depiction of typhoon structure appears
generally faithful up to 35 m/s. 17

Figure 3.2: ASCAT acquisitions of maximum wind early October 2014 up to 42
m/s (150 km/h). ASCAT-A appears low as compared to ASCAT-B due to the
2014 calibration bias of ASCAT-B minus ASCAT-A of ~0.1 dB, where required
accuracy is 0.2 dB (which nominally corresponds to ~0.2 m/s). Due to VV GMF
saturation, 0.1 dB at 40 m/s is about 4 m/s. For extremes additional capability
and/or more careful instrument calibration is needed [30]. 18

Figure 3.3: Simulated wind speed and direction difference statistics of X minus Y
as a function of average wind speed, (X+Y)/2, for a global true wind speed
distribution. Speed bias (thin solid line), standard deviation (thick solid line),
direction bias (thin dotted line), standard deviation (thick dotted line), and
vector root-mean-square (dashed line) of differences are shown. The simulation
is done with the scatterometer wind distribution as "truth" and wind
component standard errors of 1.0 and 1.8 ms™ for X and Y, respectively. © [3]20

Figure 3.4: ASCAT wind speed scatter plots of a) ASCAT versus drop sondes
(from [37]), b) ASCAT versus moored buoy winds and c) ECMWF NWP winds
versus ASCAT. Using drop sondes, moored buoy winds and NWP references
above 15 m/s may result in discrepancies due to height and position
representation differences. 21

Figure 4.1: Archived buoy winds collected from NDBC, TAO, PIRATA and RAMA
versus the same winds received in NRT over the WMO GTS (left) over 2009-
2014. The scatter-density plot features colors on the scale, <1%, <10%, <20% ...
<90% of the maximum bin value. Archive-GTS speed bias versus GTS-reported
speed (right), which appears negligible. (courtesy, Wenming Lin, NUIST) 23

Figure 4.2: Wind speed PDF of archived buoy winds collected from NDBC, TAO,
PIRATA and RAMA (Cwind), as collocated with the same data received by GTS at
ECMWEF (called MARS; purple), vice versa (red), Cwind PDF if no GTS found
(blue) and vice versa (black). Red and purple are plotted in Figure 4.1. versus
the same winds received in NRT over the WMO GTS (left). Archive-GTS speed
bias versus GTS-reported speed (right), which appears negligible. Red and
purple correspond to 3.2 million collocations, black to 3.3 million points and
blue to 1.7 million. Collocation is successful when location, hour and heights
match. (courtesy, Wenming Lin, NUIST) 23
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1. Introduction

The first work package in CHEFS is to define the problem, objectives and activities in the project.
After a brief introduction on the meteorological services that benefit from extreme satellite ocean
surface vector winds and on the topic of scatterometry, we describe the state of the art in ocean
wind sensing, the use of C-band radar and other satellite sensors. Section three addresses available
wind references for satellite wind product calibration and section four addresses their use in CHEFS
to obtain consolidated satellite wind products.

1.1. Extreme winds in meteorological services

The atmosphere is dynamic on scales from minutes to years. Processes involve among others
turbulence, convection, wind, transport, mixing and gravity waves. Such processes affect economy
and society. Moreover, the weather is transient and moves fast from one location to the next,
thereby implying the need for international exchange of weather information. As such, it is not
surprising that the World Meteorological Organization (WMO) [22] was established soon after the
initiation of the first national meteorological offices about 150 years ago. Given the importance of
meteorology for many aspects of life on Earth, under WMO auspices systematic conventional
observations of the atmosphere have been acquired over the last centuries by national agencies,
while recently also atmospheric satellite observations were introduced to further monitor and
explore the Earth’s atmosphere. Also these satellite observations are coordinated by WMO and the
Committee on Earth Observation Satellites (CEOQS)[24].

Several integrated meteorological applications are relevant for economy and society:

- Nowcasting;

- Short-range NWP;

- Medium-range NWP;
- Seasonal forecasting;
- Climate monitoring.

Meteorological services are generally well established and accessible through user requirement
assessments, internationally coordinated space and ground-based observation networks and public
national meteorological services or satellite agencies, which provide the core meteorological
infrastructure. Private weather enterprises offer further downstream services. OSVW and wind stress
force the ocean in many ways, where most uncertainty exists in these interaction processes at
mesoscales and at extreme winds.

High and extreme winds play a disproportionately large role in Earth's weather and climate. Mid and
high latitude high-wind events (cold air outbreaks) lasting several days, can remove what at typical
wind speeds would be a month’s worth of the ocean’s heat and moisture, leading to the formation of
"deep water" that helps drive global ocean circulation patterns. High winds also help exchange
disproportionately large amounts of carbon dioxide. Moreover, long-term stable instrument records
are essential to build confidence in the fidelity and limitations of model reanalyses and guide their
application [40,41] in, e.g., civil protection and wind energy applications [55].

Global information on the motion near the ocean surface is generally lacking, limiting the physical
modelling capabilities of the forcing of the world’s water surfaces by the atmosphere. This also limits
our knowledge of the exchange of momentum across the water-air interface, affecting
meteorological and ocean applications. This knowledge is particularly important in extreme
conditions of winds, waves and surges, which occur in tropical areas due to convective systems, in
polar lows and in tropical and extratropical storms and hurricanes.
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In nowcasting, for example, the Saffir-Simpson scale for tropical hurricane categories is crucial and
central in the warning advisories of the National Hurricane Centre (NHC) in Miami, USA. This scale is
based on the maximum 1-minute sustained 10m winds in the hurricane, but how can we know this?

“Maximum” implies a spatial survey of the hurricane wind conditions at 10 meter height, but is
rather hard to obtain, as is discussed later. Satellite measurements in fact could provide wind maps
of the hurricane over water, when they incidentally pass over the hurricane. Not surprisingly, this
spatial information, from instruments such as the ASCAT scatterometer, proves to be very valuable in
storm and hurricane conditions [56]. However, forecasters will need to use guidance to interpret the
20-km scale ASCAT 10m winds in terms of 1-minute sustained winds [57].

In NWP, spatial grids used for analysis and forecasting become finer in due time and in consequence
the spatial resolution of NWP fields in extreme events allows in principle a better depiction of these
events. The magnitude of extreme winds in NWP fields, however, depends on parameterisations of
the ocean drag. To develop these parameterisations, a calibrated wind reference for such extreme
conditions is paramount. This requirement becomes more pressing as the resolution of NWP models
increases.

1.2. Scatterometry

A wind scatterometer provides 10m-height stress-equivalent winds on a scale of 12.5 or 25 km over
the ocean surface and information on horizontal wind variability for, inter alia, weather warnings,
climate monitoring and research on processes, ocean forcing and air-sea interaction or wind resource
mapping. Moreover, a wind scatterometer, particularly at C band, has the capability to provide all-
weather measurements, including in extreme conditions, e.g., in tropical convective systems and
hurricanes, which are particularly relevant for the safety during off-shore activities and where other
measurement techniques fail to provide adequate responses over large areas. l.e.,, in cases
corresponding with extreme winds, waves and tides, where in situ measurements may be hazardous
and unreliable. However, this also poses a challenge to develop and verify wind scatterometer
processing algorithms for high and extreme winds.

In order to provide the EUMETSAT users with relevant atmospheric weather and climate conditions,
KNMI, ICM and IFREMER carry out the CHEFS study, which is based on operational experience by the
partners, gained over the last decades.

Through this report, KNMI starts the study with establishing a brief overview of the state of the art in
C-band scatterometer high and extreme wind speed retrievals, based on the experience of the
project team and their several publications on the topic. This overview includes current and
prospective user requirements from the various application areas (nowcasting, NWP, oceanography,
climate) and a related description of (partial) compliance of current and future C-band scatterometer
missions and a comparison with surface wind references and surface wind speed missions, as
expected in the EPS SG era.

The extension of the current ASCAT operational wind services to more reliable extreme winds with
SCA, using the various polarization options, will be elaborated and summarized. The project team will
also document the possibility of using Doppler information at extreme winds, following further SAG
discussions on SCA Doppler capability.
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1.4. Acronyms

ASAR
ASCAT
AWDP
Cband
Cal/Val
CDR
CEOS
CFOSAT
CMEMS
CNES
CERSAT
CSIC
CUDA
DOFT
DR

DUE
ECMWF
ENVISAT
EPS

ERC

ERS

ESA
ESTEC
ETC-P3
EU

FP
GMES
GNSS-R
GMF
HH

HV
HY2A
IFREMER
IOVWST
ISRO

Advanced SAR (on ENVISAT)

Advanced Scatterometer on MetOp

ASCAT Wind Data Processor

Microwave band around 5 cm wavelength

Calibration and Validation

Climate Data Record

Centre for Earth-Observing Satellites

Chinese French Ocean Satellite

Copernicus Marine Environment Monitoring Servive

Centre national d'études spatiales (France)

Centre ERS Archivage et Traitement

Agencia Estatal Consejo Superior de Investigaciones Cientificas
Compute Unified Device Architecture

Department of Physical and Technological Oceanography

Data Repository

Data User Element (ESA)

European Centre for Medium-range Weather Forecasts

ESA Environmental Satellite with SAR (2002-2012)

EUMETSAT Polar System

European Research Council

European Remote-sensing Satellite (global mission: 1991-2000)
European Space Agency

ESA Science and Technology Centre

Extra-Tropical Cyclone P3 aircraft campaign in 2016

European Union

Final Presentation

Global Monitoring for Environment and Security (now EU Copernicus)
Global positioning system signals reflected on the ocean surface
Geophysical Model Function

Horizontal co-polarization

Cross polarization; horizontal to vertical

Chinese pencil-beam scatterometer 2011-2015

L'Institut Frangais de Recherche pour I'Exploitation de la Mer
International Ocean Vector Winds Science Team

Indian Space Research Organisation

CHEFS
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JASON
JPL
KNMI
KO

L1

L2

L3

L4
MetOp
MLE
MTR
NASA
NCAR
NESZ
NOAA
NRCS
NSCAT
NWP
omI
0s

OSI SAF
osSvwW
PDGS
PDF

Pl
QuikScat
R&D
RA
RadarSat
RAM
RFSCAT
RR

RS2

S1
SAF

N CsSiC
Koninklijk Nederlands = ratitut
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Ministerie van Infrastructuur en Miliey

Invitation To Tender

Serltimeters (since 2001)

Jet Propulsion Laboratory (NASA)

Koninklijk Nederlands Meteorologisch Instituut

Kick Off

Calibrated and geocentered measurements on instrument coordinates

Geophysical instrument-swath record

Geophysical instrument record on geographical grid

Record on geographical grid, merged from different data sources
Currently Operational Meteorological satellite from EUMETSAT
Maximum Likelihood Estimator

Mid-Term Review

National (USA) Aeronautics and Space Administration

National (USA) Center for Atmospheric Research
Noise-Equivalent Sigma Zero

National (USA) Oceanographic and Atmospheric Administration
Normalized Radar Cross Section (also Sigma Zero)

NASA Scatterometer (1996-1997)

Numerical Weather Prediction

Ozone Monitoring Instrument

Operating System

Ocean and Sea Ice SAF

Ocean Surface Vector Wind

Payload Data Ground Segment

Probability Distribution Function

Principal Investigator

NASA pencil-beam scatterometer with swath mission from 1999-2009

Research and Development

Radar Altimeter

Canadian satellite with SAR
Random Access Memory

Rotating Fan-beam Scatterometer
Rain Rate

RadarSat-2

Software

Sentinel 1

Satellite Application Facility

CHEFS
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SAG Science Advisory Group

SAR Synthetic Aperture Radar

SCA Scatterometer on board MetOp-SG

SFMR Stepped-Frequency Microwave Radiometer
SG Second Generation

SHOC Tropical Satellite Hurricane Observation Campaign in 2016
SMOS Soil Moisture and Ocean Salinity

SoWw Statement of Work

T0 Start time of CHEFS

D Test Data set

TEC Total Electron Content

TN Technical Note

TOPEX TOPography Experiment (altimeter TOPEX/Poseidon starting 1992)
SSM/I Special Sensor Microwave Imager

TU Technical University

VH Cross polarization; vertical to horizontal
VTEC Vertical TEC

'A% Vertical co-polarization

WBS Work Breakdown Structure

WMO World Meteorological Organisation

WP Work Package

WPD WP Description

WVC Wind Vector Cell

X band Microwave band around 3 cm wavelength
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2. State of the art in ocean wind sensing

2.1. C-band radar

The scatterometer and Synthetic Aperture Radar (SAR) are both satellite radar instruments, which
provide a measure of wind speed and/or direction near the sea surface. The European development
of scatterometer and SAR processing software for operational use in weather and marine forecasting
is coordinated in an international context through projects such as the EUMETSAT Ocean and Sea Ice
Satellite Application Facility (OSI SAF), the EUMETSAT Numerical Weather Prediction SAF (NWP SAF),
the EUMETSAT Advanced Retransmission Service (EARS), EU Copernicus Marine Environment
Monitoring Service (CMEMS), EU projects and ESA projects. ASCAT measures co-polarized (VV)
polarized C-band backscatter in three azimuth directions [1] and provides reliable high ocean-surface
vector wind (OSVW) information in open ocean and marine coastal regions from C-band
scatterometers, where generally limited in situ measurement capability exists.

The KNMI team processes winds from scatterometers on board the past ESA ERS satellites (AMI) and
QuikSCAT (SeaWinds) mission from NASA/NOAA, the current MetOp (ASCAT-A and ASCAT-B) from
EUMETSAT, and is involved in past, existing and future missions from India and China, in particular
OceanSat-II/Ill, ScatSat, HY-2A/B and CFOSAT. Operational products that have been developed at
KNMI include 12.5-km and 25-km ASCAT winds over the open ocean, where the former provides
winds in coastal areas as well. Wind scatterometry is well established and used in manifold
applications [1-19]. Nominal scatterometer winds are calibrated against moored buoys
[1,2,3,5,6,8,13] and extensively used to validate NWP models (e.g.,, www.nwpsaf.org).
Scatterometers are very stable and thus reliable instruments [30].

The ASCAT stability of about 0.03 dB [30]", makes it possible to obtain extreme winds at high quality,
i.e., well calibrated. Moreover, the low random error, typically 0.2 dB, on each of the backscatter
values, makes it possible, after combining the backscatter triplet in the wind retrieval to obtain a
further noise reduction by a factor of about 1.7. Using the current CMOD7 Geophysical Model
Function (GMF) [39], we note that a 0.1 dB uncertainty at a modal wind speed of 7 m/s corresponds
to about 0.1 m/s wind speed uncertainty. However, at 40 m/s wind speed, due to the saturation of
the VV GMF, 0.1 dB corresponds to about 4 m/s error. Through CHEFS, we thus may obtain a
calibration certainty of about 1 m/s at 40 m/s, corresponding to the instrumental stability of ASCAT.
Such value would be unprecedented and is not obtained by any other satellite retrieval to our
knowledge. However, the error analysis for wind data derived from space-borne sensors requires
special care due to non-linearities and ambiguities in the GMF leading to multiple solutions in the
wind retrieval [16].

2.2. SCA instrument

The Scatterometer (SCA) is one of the high priority EPS-SG payload instruments planned to be on the
Metop-SG B series. It is the follow-on of the Metop Advanced Scatterometer (ASCAT) series. SCA will
provide ocean surface vector wind (OSVW) observations and additional information on soil moisture,
vegetation, thaw, sea ice and sea ice drift, which constitutes an important input to all mandated
EUMETSAT applications of nowcasting, global and regional Numerical Weather Prediction (NWP),
oceanography, hydrology and climate monitoring and research [49].

! Note that the stability specification of ASCAT is much less constrained at 0.20 dB.
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The SCA instrument is a real-aperture C-band, pulsed imaging radar with six fixed fan beam antennas,
three on both sides of the satellite ground-track. All antennas emit in vertical polarization. The 4 side
antennas receive only vertically polarized signals, whereas the 2 mid antennas can emit H-polarized
signals and receive both V and H-polarized signals. Following ASCAT configuration, the principal
elevation planes of the SCA antenna beams are oriented at 452 (Fore-left), 902 (Mid-left), 1352 (Aft-
left), 2252 (Aft-right), 2702 (Mid-right) and 3152 (Fore-right) with respect to the flight direction. The
major improvements to be brought by SCA with respect to ASCAT are:

- the baseline spatial resolution of 25 km x 25 km,
- the radiometric stability of < 0.1 dB,
- the addition of VH and HH polarization measurements on the mid beams.

The latter improvement is mainly added for the objective of tracking extreme weather events. In the
design of SCA, cross-polarization (VH) capability was decided after investigation of its behavior with
RadarSat SAR acquisitions with respect to the better known co-polarization (VV and HH) responses
[31,32,33]. It has been demonstrated that VH radar backscatter signals remain sensitive at very high
to extreme wind conditions see, e.g., [30-32]. This addition is a key one in the context of this study.

In addition, Doppler capability may be obtained on SCA, which would be useful for obtaining wind
direction information in hurricanes [50].

2.3. SARreference data

The Copernicus Sentinel-1 (S1) mission provides continuity of C-band Synthetic Aperture Radar (SAR)
operational applications and services in Europe. The mission builds on the SAR experience with the
ERS and Envisat SAR instruments. The S1 mission is a two-satellite constellation, with four nominal
operational modes on each spacecraft designed for maximum compliance with user requirements.
Level-2 products consist of geo-located geophysical products derived from Level-1. Level-2 Ocean
(OCN) products for wind, wave and currents applications contain the following geophysical
components derived from the SAR data:

- Ocean Wind field (OWI);
- Ocean Swell spectra (OSW);
- Surface Radial Velocity (RVL).

Although both Sentinel-1 A and Sentinel-1B are orbiting Earth in the same orbital plane and provide
complementary coverage, the operation modes allow only that they cover the whole globe once
every six days. The C-band SAR instrument on board Sentinel-1 A has two modes to enable dual-
polarization measurements with large swaths: Extra Wide (EW) and Interferometric Wide (IW) swath
modes. Dual polarization acquisitions are VV and VH or HH and HV, see e.g., [33,31], but these are
made only part of the time, further complicating the targeting of hurricanes. We further note that
the calibration accuracy and stability of SAR systems is typically 0.5 dB and lower than that of a
scatterometer. At 40 m/s and VV polarization, this implies a wind reference calibration accuracy of
about 20 m/s, rendering SAR data rather poor in resolving high winds. In particular, Noise Equivalent
Sigma Zero (NESZ) corrections are visible in many SAR images, e.g., [31]. Nevertheless, S1 SAR data
will be a very useful addition to ENVISAT, Chinese GF-3 and RadarSat-2 SAR in CHEFS and beyond to
prepare for SCA processing in extreme winds.

2.4. Other satellite sensors

Besides C-band radar, other wavelengths may be exploited to obtain winds over sea. Ku-band
scatterometers are plentiful, while these suffer from ancillary geophysical effects, such as rain and
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SST, due to the shorter wavelength. Nevertheless, they usually measure both VV and HH co-
polarization, where HH polarization features enhanced sensitivity for extreme winds at the higher
incidence angles (though less than VH). X-band SAR systems are in space too. Radiometers are
providing wind speed (SSMI) and wind direction at high speeds (WindSat) by combining different
microwave channels, but suffer from contamination by the wet atmospheric contributions, which
contribute uncertainty in extreme weather conditions. Both active and passive L-band satellite
instruments have been flown, where the longer wavelengths are not sensitive to the atmosphere and
may provide sensitivity to extreme winds.

However, measuring extreme winds from space is challenging as calibration is needed and calibrated
in situ reference winds are scarce. On the other hand, theoretical statistical descriptions of the high-
wind ocean surface, where patchy foam, droplets, spume and wave breaking occur are much
simplified, while the microwave interaction on cm scales is rather complex too. Theoretically-based
models typically obtain accuracies of about 1 dB, which is often not very useful in measuring extreme
winds. The development of Geophysical Model Functions for wind scatterometer OSVW has
therefore been based on empirical methods, using moored buoys as absolute reference [2].

IPL-Ni]

Figure 2.1: An example of measured
ASCAT scatterometer hurricane winds,
explained at
http://projects.knmi.nl/scatterometer/ti
le_prod/tile_app.cgi. Winds up to 70
knots or 35 m/s are measured by ASCAT
in speed-coloured flags for this case,
while the collocated ECMWF winds are
plotted in green.

12 15 12 21 24 255 m/s]
I [ I [ —
-2 2 3 5 10 20 999 MLE
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3. Wind references

3.1. Wind calibration references for high and extreme OSVW

Typhoons cause much havoc in the tropical waters, where its winds are devastating and occasionally
cause water levels to surge to catastrophic heights. A particularly pressing requirement in the OSVW
community is therefore to obtain reliable extreme winds in hurricanes (> 30 m/s) from
scatterometers, since extreme weather classification, surge and wave forecasts for societal warning
are a high priority in nowcasting and NWP.

Moored buoy winds have been used in the EUMETSAT SAFs as an absolute reference to produce
calibrated scatterometer data [39]. Moored buoys are perceived as accurate measurements with
small bias (< 0.1 m/s) and good accuracy (< 0.5 m/s). One reason for the good performance is the
dedicated design for wind measurement, such that wind flow acceleration or deceleration due to
measurement platform interference is generally minimal (< 5% [44,45]). Unfortunately, moored buoy
data are geographically biased and sparse and a year of collocation data is needed to arrive at
statistically significant calibration results. On the other hand, for ASCAT-A and —B more than a decade
of collocations is now available with many winds above 15 m/s.

Independent winds from a short-range Numerical Weather Prediction (NWP) model may also serve
as wind reference and these are available at any observation location and time for satellite and buoy
collocation. This allows both triple collocation analysis [3] and extensive NWP comparison to better
define in situ, satellite and NWP wind errors [46,47]. Note that spatio-temporal biases of such NWP
forecasts are monitored closely in order to provide a good (relative) wind reference.

However, for very high and extreme winds above 25 m/s, moored buoys are not reliable either and
collaboration has been sought with the NOAA hurricane hunters. Moreover, controversy exists in the
OSVW satellite community on the quality of moored buoys above 15 m/s rather than 25 m/s; see
figure 3.3. This needs further investigation.
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3.2. NOAA hurricane hunters

The NOAA hurricane hunters go into hurricanes to drop sondes, and thus obtain wind profiles in the
lowest few kilometers of hurricanes, and mounted dedicated microwave instrumentation on aircraft,
to obtain detailed wind patterns in hurricanes, such as the Stepped-Frequency Microwave
Radiometer (SFMR). Ideally, local dropsonde winds may be statistically used to calibrate SFMR as
they have similar spatial representation (“footprint”), which in turn, after spatial aggregation to
scatterometer footprints, is used to calibrate satellite scatterometers and radiometers in overflights.
Given the scale of hurricanes and the footprint of radiometers and scatterometers, satellite typhoon
speeds are expected to be less extreme than in-situ measured extremes, due to the implicit spatial
aggregation of the satellite-based winds. This is particularly aggravated by the relatively narrow
dimensions of the tropical hurricane eye wall. The calibrated spatial wind patterns measured by
SFMR may however be aggregated to approximately match the satellite footprints and thus provide a
calibration reference and an estimate of local wind variability (see Fig. 3.1). Although this approach
is credible in principle and physically more consistent than any other global method to obtain
maximum winds in hurricanes, research is ongoing to understand the exact physical interpretation of
drop-sonde winds and SFMR in the inherently extremely variable conditions in tropical hurricanes
and to obtain more hurricane flight data. Since processing artefacts are known to exist for both
dropsondes and SFMR, at an IOVWST high winds meeting, NOAA agreed to reprocess the dropsondes
and SFMR to provide a more accurate reference [35]. The reprocessing of the dropsondes is ready,
while SFMR reprocessing is being finished (Zorana Jelenak, personal communication).

50

OASCAT B BASCATA

Figure 3.2: ASCAT acquisitions of maximum wind early

] October 2014 up to 42 m/s (150 km/h). ASCAT-A appears
40 — low as compared to ASCAT-B due to the 2014 calibration
bias of ASCAT-B minus ASCAT-A of ~0.1 dB, where required
accuracy is 0.2 dB (which nominally corresponds to ~0.2
my/s). Due to VV GMF saturation, 0.1 dB at 40 m/s is about

30 M 4 m/s. For extremes additional capability and/or more
careful instrument calibration is needed [30].
20 —

As mentioned above, capabilities in hurricane winds motivated for SCA the addition of a VH channel.
It also motivated ESA to provide the hurricane hunters on plane Ms. Piggy with a VH scatterometer
antenna panel, which is now mounted and first measurements generally confirm the VH GMF
behavior at extreme speeds as derived from RadarSat [35]. The forthcoming winter and summer
hurricane flight campaigns, will provide further VH and collocated ancillary observations in the years
to come. Where in situ measurements are generally unreliable and hazardous, the NOAA “hurricane
hunter” campaigns collect data that may be used to calibrate scatterometer winds in extreme
conditions [20].
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3.3. Other high-wind sources

Wind information over the oceans is also available from in-situ measurements by platforms, ships
and buoys, analysis from Numerical Weather Prediction (NWP) models, and remotely sensed by
passive and active microwave space-borne sensors. It is important to consider the different spatial
and temporal sampling characteristics, as well as the different error statistics, when comparing wind
data from these sources. Vandemark et al. compared wind mast measurements to a moored buoy
and found no biases up to 25 m/s, confirming earlier observations. They also found that scientific
references claiming that buoy winds are probably affected by wave effects to be based on NWP
model studies and therefore unreliable [13]. In CHEFS we will need to seek observational evidence of
the quality of the different wind observing systems at high and extreme winds in order to obtain a
reliable in situ wind reference.

Indeed, all satellite-based winds suffer from a lack of calibration, due to the lack of a consolidated
wind reference. NWP winds have no absolute calibration, but are usually well monitored and
therefore may be regarded as an effective relative standard of comparison and collocation, since
NWP winds are available at any time and location, much unlike in situ references which are generally
sparse.

Platform winds exist, for example, in the Gulf of Mexico and North Sea, that experience hurricane-
force winds occasionally [42]. However, measuring representative winds on a platform is quite
challenging due to wind flow distortions by the platform. Winds measured on a platform (extension)
could be both higher or lower than the undisturbed wind and disturbed winds tend to be more
variable than undisturbed winds at the same location [48]. Even when the enhanced variability due
to platform is accounted for, it is difficult to exclude systematic biases, hence calibration using
platform winds is complex. Another problem is that platform winds are usually measured at 60m or
higher and where a simplified downscaling rule is used to obtain winds at 10m height. Downscaling
may be prone to biases too.

For winds measured on ships, similar concerns exist as for platform winds. However, dealing with
ship winds is more complex, as ships move, thereby modifying both measurement height and
distortion [43]. [43] reports on a random observational error variance of collocated ship and moored
buoy data of around resp. 1.4 and 2.3 m/s. Again, the more than double random variability in ship
winds is rather concerning, as there is little guarantee that the processes leading to this variability do
not introduce speed-dependent biases, which may be quite unpredictable at the extremes. [43] also
reports about visual wind estimates, which generally have larger errors than corrected anemometer
ship winds and are not further considered here.

3.4. Comparing extreme wind data

As outlined above, obtaining unbiased wind reference data appears a challenge. When such data
have been collected, a next step is to compare other data sources to the calibration reference.
Usually, different data sources do not have identical geophysical, spatial and temporal aggregation
and therefore associated uncertainties have to be accounted for in the calibration process. Noise
broadens probability distribution functions of true variables, hence more extreme values will appear.
For example, [3] discusses how random errors, e.g., due to spatial (and temporal) representation and
flow distortion, may cause biases in case of conditional sampling, see Figure 3.3. Due to the
exponential nature of speed PDFs, the largest artificial speed biases occur at high speeds.
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Clearly, all bias in Figure 3.3 is caused by binning of the wind variables (conditional sampling) against
a simulated noisy variable X+Y/2. All errors are unbiased and normal and in this case Y winds will be
more extreme than X winds, due to the larger random noise variance. This is similar to, for example,
a ship anemometer sensing random wind variations due to flow distortion and motion, which is not
present in a collocated moored buoy and hence the ship will provide larger extreme values.

Besides geophysical representation and measurement noise, another relevant aspect in comparisons
resides in the spatial and temporal representation. In particular, hurricane winds are gusty and wind
extremes depend on temporal aggregation. For example, the National Hurricane Centre (NHC) uses
1-minute sustained maximum winds for hurricane classification and public warning. Using Taylor’s
hypothesis to exchange the time and space coordinates, a 1-minute sustained 60 ms™ wind
corresponds to a distance of 3.6 km. Scatterometers may resolve wind on the 20-km scale over
typically 5 minutes and therefore do not resolve the gustiness of 1-minute sustained winds in time
nor space. Given the random variability on all turbulent scales, the scatterometer will miss out on the
variability on the smallest scales and therefore will deliver hurricane winds that are less extreme than
1-minute sustained winds. The knowledge of this difference is obviously relevant, as it guides the
capability of scatterometers to contribute to the determination of hurricane categories. The use of
gustiness guidance information is operational practice in nowcasting and may be further verified
from the SFMR or SAR instrument data. Moreover, the associated information on spatio-temporal
variability in hurricanes is needed to calibrate satellite instrument footprint data to point-
measurement wind references, such as dropsondes or moored buoys.

3.5. The inconsistency of high and extreme wind references

To avoid biases due to flow distortion by the measurement platform and due to platform motion,
moored buoys appear the most suitable candidate to serve as a wind reference. However, moored
buoys are not suitable as wind reference in extreme wind conditions, due to the extreme sea states
that will occur, particularly for speeds above 25 ms™. In this regime dropsondes appear a good wind
reference, as these are not effected by platform issues. Dropsondes however may drift, sample
regularly, but at unpredictable heights, and their path may be systematically affected by the
hurricane structure.
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It is of paramount importance to analyse how these two in situ references may be combined in a
continuous in situ wind reference that can be used for wind calibration. In Figure 3.4 dropsonde
speeds are compared to ASCAT speeds (a), moored buoy speeds to ASCAT speeds (b) and ASCAT
speeds to ECMWEF short-range forecast speeds (c). For (b) and (c), it is no surprise that a good match
is obtained, as moored buoys have been used as a reference in both the development of the ASCAT
GMF and the ECMWF model. However, it is disturbing that dropsonde winds appear much higher
than ASCAT speeds for speeds of 15 ms™ and higher. If both dropsonde and moored buoy speeds are
to be used as calibration reference, then their characteristics will need to be consolidated in one way
or the other.
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Figure 3.4: ASCAT wind speed scatter plots of a) ASCAT versus drop sondes (from [37]), b) ASCAT versus moored buoy
winds and c¢) ECMWF NWP winds versus ASCAT. Using drop sondes, moored buoy winds and NWP references above 15
m/s may result in discrepancies due to height and position representation differences.

3.6. User requirements

A main motivation in CHEFS is to provide calibrated scatterometer winds in the EPS SG era. At that
time, NWP models will have evolved and be more often used for high-resolution nowcasting of
hurricanes, using inputs from an increasing number satellite instruments, notably scatterometers
from the CEOS OSVW constellation, contributed by Europe, India, China and Russia, among others. In
addition, a constellation of microwave radiometers and research missions will be providing ocean
surface wind speed information probably.

It is clear that prospective user requirements from the various application areas (nowcasting, NWP,
oceanography, climate) for a continuous and consistent calibration wind speed reference will
become urgent, when wind information from NWP and satellite references will more and more
dominate the weather advisories and meteorological and oceanographic research.
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4. The next steps for obtaining calibrated extreme satellite winds

The CHEFS project has been defined for the further understanding of satellite remote sensing of high
and extreme wind conditions over the ocean, more in particular for high and extreme wind retrievals
from C-band scatterometer missions, such as SCA. The first step in obtaining calibrated extreme
satellite winds is clearly in consolidating the in situ wind references. Also, the characterization of
spatial scaling issues, spatial representation, and related consequences for product sample
resolutions and validation approaches must be addressed. Finally, the evolution of the current ASCAT
operational wind services to more reliable extreme winds with SCA, using the various polarization
options, will be elaborated and summarized.

4.1. Approach for moored buoy reference

As motivated in section 3, we focus on moored buoys, as we found them to be the most reliable
(least scatter against collocated references). Analysis of the wind characteristics of different types of
moored buoys in terms of height and mooring, as used in triple collocation analyses, will be
performed, inter alia, against ECMWF and ASCAT wind references.

Among others, the International Comprehensive Ocean-Atmosphere Data Set (ICOADS;
icoads.noaa.gov/) offers surface marine data, which are freely distributed worldwide. The ICOADS
records contain most metadata, but where ICOADS winds are 10-minute values “super-obbed” into
hourly values. Note that hourly values at 50 ms™ correspond to a spatial average over 180 km,
extending much beyond a 25-km scatterometer WVC. Alternatively, archived data from the WMO
Global Telecommunication System (GTS) may be used in developing a wind reference. While GTS
data are 10-minute values, only one value is reported every hour. Since the high time resolution will
help reduce representation error, the GTS data is favored for CHEFS, rather than the super-obbed
ICOADS.

Further analyses of off-line and GTS sources learns that many more GTS moored buoy winds are
available than off-line and therefore our chances of encountering extremes will be higher; see Figure
4.2. Over 2009-2014, the GTS set encounters over 100 times winds of 25 ms™ and higher. We
moreover found that off-line winds that do not appear in the GTS set, are rarely above 15 ms™.
Finally, ECMWF established a procedure to blacklist on a monthly basis those GTS stations that
provide disrupted, constant or otherwise erroneous data [51]. In figure 4.1 collocated off-line and
GTS winds, resp. as delivered by the archive portals and ECMWF (MARS), are compared in order to
verify that they will result in the same wind reference. The time averaging and sampling difference is
probably causing most of the scatter with standard deviation of 0.4 ms™. There may be several
reasons for the small overall bias, but in the light of the accuracy of the calibration effort that we
pursue for high and extreme winds, the 0.1 ms™ bias is assumed negligible.

The asymmetry in outliers in Figure 4.1 is annoying as it can change the mean, while most points may
in fact agree, i.e., are symmetrically and closely distributed around the diagonal. A QC test may be
tested and applied to discard points/stations well separated from the diagonal.

An expressed main concern is that moored buoys do not function properly in high sea state.
Collocation with model wave data may segregate any measured speed of a given buoy type in
relatively high, modal or low sea state to analyze anomalous behavior against ECMWF and/or
scatterometer references.

Statistics may be first aggregated by buoy, then sorted by buoy type, sensor height and sea state
condition, inter alia, in order to analyze and detect dispersion in the objective wind speed reference.
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Figure 4.1: Archived buoy winds collected from NDBC, TAO, PIRATA and RAMA versus the same winds received in NRT
over the WMO GTS (left) over 2009-2014. The scatter-density plot features colors on the scale, <1%, <10%, <20% ... <90%
of the maximum bin value. Archive-GTS speed bias versus GTS-reported speed (right), which appears negligible.
(courtesy, Wenming Lin, NUIST)
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4.2. Approach for dropsondes

The large collection of high wind cases (hurricanes, storms, cyclones) with dropsondes forms the
basis for further assessments dedicated to the high and extreme winds conditions using dropsondes.

Dropsondes may be compared against SFMR and SAR on the local scale and with ASCAT and ERA5S on
larger scales. In addition, also moored buoys may be compared to ASCAT and ERAS5 as a function of
wind speed, thus providing another in situ reference. In this way, the consistency of the in situ
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references may be tested as in Figure 3.4. Direct comparisons of moored buoys and dropsondes are
unlikely.

Dropsondes exist in different vertical sampling above the ocean, in different profile (shear)
conditions and in different drift conditions and it will be of interest to segregate the dropsonde data
into different height and quality categories. It appears clear from figure 3.4 that the scatter in
dropsonde winds at 20 ms™ ASCAT winds is relatively large and it will be necessary to understand this
variability in the light of acquiring an accurate and consistent wind reference.

Since ASCAT retrievals have good relative accuracy around 20 ms-1, they could be used as a (relative)
reference to understand biases and scatter in both moored buoys and dropsondes. In addition,
collocations of SFMR with moored buoys may exist occasionally to explore biases and scatter.

4.3. NWP reference

Another potential reference that may be used to compare to different wind observation types are
NWP fields, notably ECMWF [31]. Operational winds are probably the most accurate today, but
ECMWEF implements a new model version regularly, which potentially impacts the wind reference as
different parameterizations and dynamical model closure may be implemented. To avoid such NWP
changes in time, short-range forecast winds from reanalysis may be used, such as from ERA5. The
quality of ERA5 wind fields is comparable to the quality of operational ECMWF wind fields in 2013
(software.ecmwf.int/wiki/display/CKB/ERA5+data+documentation). Of course, the performance and
thus extreme-wind climatology of ERA5 may be somewhat variable over the years, due to gradually
changing observation inputs, but is expected to be a much more stable reference than the
operational ECMWF winds.For the NWP reference tobe independent of observed inputs, among
which scatterometer data, short-range forecasts may be used. ERA5 is using only the so-called
"delayed mode" suite [52], where the observation window overlaps the forecast range until +3
hours. So, if from the hourly forecast output +1 and +2 hours are ignored, then AWDP should only
interpolate the forecasts after +3 hours range for ASCAT winds, which then will appear in the next
ERAS5 observation window, hence no overlap exists with the analysis observation window that was
used to produce the forecasts used in AWDP. Therefore, the ERAS forecasts are independent from
the observations it will be compared with.

4.4. SAR data assessment

The collection of Canadian RADARSAT, ESA ENVISAT, the Chinese GF-3 and Sentinel-1 (S1) SAR
missions and ASCAT extremes will the basis of the collocation data with ancillary, in situ, campaign or
NWP model data (short-range ERAS forecasts of winds). Particular attention will be given to the
quality of SAR calibration and noise for the various instruments.

Moreover, the consistency of SAR backscatter map characteristics is analyzed for extreme winds in
comparison to ancillary hurricane data, e.g., SFMR , to consolidate the SAR inputs to the project.
Inter alia, a comparison of SAR data and hurricane models is performed to obtain a better
understanding of hurricane structure and wind variability in extreme conditions. Finally, as depicted
in Figure 4.3, we segregate variable NRCS from homogeneous regions and analyze the effects on our
diagnostics using SAR and ancillary data.

Comparisons with lower wind speeds, comparisons with published scientific literature, as well as
sensitivity experiments to understand the influence of the various remote sensing or geophysical
factors will be performed.
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Using consistent S1 and RadarSat backscatter data, the KNMI synthesis of the C-band VH GMF may
be extended to S1 acquisitions, using SFMR and ECMWF reference inputs, cf. [31].
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Figure 4.3: NRCS inhomogeneities (red encircled) detected by multi-resolution local gradient test in S1 SAR VV (left) and
VH (right) images cf. [38].

4.5. Satellite wind reference

In order to obtain a better satellite wind reference, calibration of SFMR will be investigated using
dropsondes and subsequently this wind reference will be used to tune the VV GMF by comparing
ASCAT winds with reprocessed (by NOAA) and upscaled SFMR. The upscaling process further
provides additional information on sub-WVC wind variability. This variability will be compared to the
variability in SAR VH images for consistency. Information on sub-WVC variability guides ASCAT and
SCA users to infer, for example, 1-minute sustained winds from 20-km resolution [53,54]
scatterometer measurements.

The connection of the SFMR wind reference at the extremes with absolute wind references from
moored buoys between 15 and 25 m/s will be tested, as inconsistencies between them must be
resolved. This leads to a recommended Cal/Val approach to assess the future C-band scatterometer
high wind speed data during commissioning and operations. The methods and approach take into
account the various uncertainty aspects, such as the representativeness of the data and the effects
of collocation criteria.
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5. Executive summary

The state of the art in ocean wind sensing is progressing and C-band radar well exploited. In addition,
scatterometers, SAR, and microwave radiometers are exploited in other bands from Ku to L band. At
the same time advisories on extreme winds are improving due to this expanded observation
capability and due to associated improved modelling skills. However, both satellite measurements
and models do need an absolute wind calibration reference in order to well describe the air-sea
interaction processes and, above all, to provide accurate advisories. We note that, however, that the
most adequate in situ references are more buoys and dropsondes provided by the NOAA hurricane
hunters, but these wind references are inconsistent for wind speeds above 15 ms .

The next steps for obtaining calibrated extreme satellite winds are described, exploiting a few
decades of moored buoy data dropsondes. Since these references are generally not collocated, we
compare both these in situ data sources with stable satellite, airplane and NWP references as a
function of wind speed to investigate their respective relative biases. Since the NOAA hurricane
hunter SFMR, ASCAT and ECMWF NWP model winds are a stable reference, the respective biases will
determine the (in)consistency of moored buoy and dropsonde winds and, at the same time, provide
a metric to obtain better absolute calibration of ASCAT, SFMR and ECMWF winds.

The SCA instrument will exploit a VH polarization channel, which has enhanced sensitivity at extreme
winds. Using the results obtained above on absolute calibration, the VH GMF will be updated and
extreme wind products will be defined for SCA during CHEFS.
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