Remote Sensing of Environment 242 (2020) 111744

Remote Sensing of Environment

journal homepage: www.elsevier.com/locate/rse s

g =

Contents lists available at ScienceDirect

Temporal variability of GNSS-Reflectometry ocean wind speed retrieval
performance during the UK TechDemoSat-1 mission

Check for
updates

=

Matthew Lee Hammond"*, Giuseppe Foti, Christine Gommenginger, Meric Srokosz

National Oceanography Centre, Southampton, SO14 3ZH, UK

ARTICLE INFO

Edited by Menghua Wang

Keywords:

Global Navigation Satellite System (GNSS)
GNSS Reflectometry (GNSS-R)

GNSS remote sensing

TechDemoSat-1 (TDS-1)

Ocean remote sensing

Ocean wind speed

Attitude

GPS flex mode

ABSTRACT

This paper presents the temporal evolution of Global Navigation Satellite System Reflectometry (GNSS-R) ocean
wind speed retrieval performance during three years of the UK TechDemoSat-1 (TDS-1) mission. TDS-1 was
launched in July 2014 and provides globally distributed spaceborne GNSS-R data over a lifespan of over three
years, including several months of 24/7 operations. TDS-1 wind speeds are computed using the NOC Calibrated
Bistatic Radar Equation algorithm version 0.5 (C-BRE v0.5), and are evaluated against ERA5 high resolution re-
analysis data over the period 2015-2018. Analyses reveal significant temporal variability in TDS-1 monthly wind
speed retrieval performance over the three years, with the best performance (~2 m's~') achieved in the early
part of the mission (May 2015). The temporal variability of retrieval performance is found to be driven by
several non-geophysical factors, including TDS-1 platform attitude uncertainty and spatial/temporal changes in
GPS transmit power from certain satellites. Evidence is presented of the impact of the GPS Block IIF Flex mode on
retrieved GNSS-R wind speed after January 2017, which results in significantly underestimated ocean winds
over a large region covering the North Atlantic, northern Indian Ocean, the Mediterranean, the Black Sea, and
the Sea of Okhotsk. These GPS transmit power changes are shown to induce large negative wind speed biases of
up to 3 m's™'. Analyses are also presented of the sensitivity of TDS-1 wind speed retrieval to platform attitude
uncertainty using statistical simulations. It is suggested that a 4° increase in attitude uncertainty can produce up
to 1 ms™! increase in RMSE, and that TDS-1 attitude data do not fully reflect actual platform attitude. We
conclude that the lack of knowledge about the GNSS-R nadir antenna gain map and TDS-1 platform-attitude
limits the ability to determine the achievable wind speed retrieval performance with GNSS-R on TDS-1. The
paper provides recommendations that accurate attitude knowledge and a good characterisation of GNSS-R nadir
antenna patterns should be prioritised for future GNSS-R missions.

1. Introduction

reflected GNSS signals with the original or local replica of the direct
signals from the same GNSS transmitter. Examining the correlation

Global Navigation Satellite System Reflectometry (GNSS-R) is an
innovative and rapidly developing approach to Earth Observation (EO)
that makes use of signals of opportunity from Global Navigation
Satellite Systems (GNSS), which have been reflected from the Earth's
surface. This idea was first proposed in the late 1980s (Hall and Cordey,
1988), before the first practical detection and development to provide
geographic information over a wide array of surfaces in the 2000s (e.g.
Komjathy et al., 2000; Gleason, 2006). The technology uses a bistatic
scattering configuration based on signals from GNSS transmitters that
are forward scattered off the surface of the Earth; a detailed overview of
the mechanisms and physics of GNSS-R can be found in Zavorotny et al.
(2014). Dedicated GNSS-R receivers placed on platforms such as the UK
TechDemoSat-1 (TDS-1) satellite are used to detect and correlate
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between the reflected and direct signals allows inference of geophysical
information about the Earth surface, such as the reflectivity, roughness,
or elevation. The technology is particularly promising as it does not
require a dedicated transmitter, thereby reducing cost, mass, and power
requirements of the receivers. These advantages offer the potential to
deploy GNSS-R sensors as affordable multi-satellite constellations (e.g.
Carreno-Luengo et al., 2016) or as payloads of opportunity aboard other
missions. The technology also offers the possibility of improvements in
the future by virtue of the large and increasing number of GNSS
transmitting satellites from multiple systems (including GLONASS,
BeiDou, Galileo etc.) which should increase the number of simultaneous
reflections available across the GNSS-R receiver field-of-view. Com-
bining signals from as many of these GNSS systems as possible offers the
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opportunity of a sustainable low-cost Earth Observation system with
high spatial resolution and coverage and significantly better temporal
sampling than present-day satellites. Another advantage of GNSS-R is
the use of L-band microwave signals (~20 cm wavelength) which are
less sensitive to atmospheric attenuation by atmospheric water vapour
and precipitation than other higher frequency microwave sensors, al-
lowing for better wind estimates under heavy rain, including in hurri-
cane conditions (Foti et al., 2017a).

A large number of applications of GNSS-R have been successfully
demonstrated in previous studies, including: ocean surface roughness
and wind speed (see e.g. Komjathy et al., 2004; Katzberg et al., 2006;
Gleason and Gebre-Egziabher, 2009; Foti et al., 2015), lake surface
topography (e.g. Li et al., 2018), oil slicks (e.g. Valencia et al., 2011),
tsunamis (e.g. Yan and Huang, 2016a), soil moisture (e.g. Masters et al.,
2000; Camps et al., 2018), vegetation biomass (Egido et al., 2014), sea-
ice (e.g., Yan and Huang, 2016b; Alonso-Arroyo et al., 2017), and land
ice elevation mapping (Cartwright et al., 2018). The successful launch
by Surrey Satellite Technology Ltd. of the UK TechDemoSat-1 (TDS-1)
mission in July 2014, and its quasi-continuous operation since launch,
has delivered a unique dataset of globally distributed spaceborne GNSS-
R data, spanning a period of four years, that has been used to provide
evidence of the benefits of GNSS-R for global environmental mon-
itoring.

This paper focuses once again on GNSS-R for ocean winds, but
specifically for the first time, considers the temporal evolution of TDS-1
ocean wind speed retrieval performance over 3 years based on a single
consistent methodology. Many studies have previously estimated the
quality of ocean wind speeds retrieved with TDS-1 data (e.g. Foti et al.,
2015; Soisuvarn et al., 2016; Foti et al., 2017a, 2017b; Asgarimehr
et al., 2018) using a number of inversion algorithms, performance
metrics, and means of validation applied to different subsets of TDS-1
data. Overall, TDS-1 wind retrievals based on Signal to Noise Ratio
(SNR) report acceptable performance relative to scatterometers, buoys,
and reanalysis models, but with marked differences in reported errors.
Since TDS-1 GNSS-R signals are affected also by non-geophysical fac-
tors, notably platform attitude uncertainty, ambient noise hotspots (Foti
et al., 2017b), and GPS transmitter power, it is informative to examine
how the TDS-1 wind retrieval performance, estimated with one con-
sistent inversion and validation methodology, varies geographically
and temporally through the lifetime of the mission.

This paper presents the GNSS-R ocean wind speed retrieval perfor-
mance of TDS-1 estimated at monthly intervals over 3 years. TDS-1
wind speeds are obtained using the National Oceanography Centre
(NOC) Calibrated Bistatic Radar Equation (C-BRE) inversion algorithm
and validated against ERAS reanalysis data (Section 2). For the first
time, the variability of the TDS-1 wind retrieval performance is ex-
amined over different regions and different periods of the TDS-1 mis-
sion (Section 3). The approach establishes a clear link between the TDS-
1 wind retrieval performance and changes in platform attitude and GPS
transmit power. Statistical simulations confirm the sensitivity of TDS-1
wind retrieval performance to platform attitude uncertainty (Section 4),
leading to important recommendations for future GNSS-R missions
(Section 5).

2. Data and methods
2.1. TDS-1 mission and GNSS-R data

TDS-1 was launched successfully on the 8th of July 2014. The sa-
tellite was placed into a Low Earth Orbit with a nominal altitude of
635 km and an inclination of 98.4°. The orbit is quasi-sun synchronous
with a local time of ascending node drift of 1.42 h per year. The plat-
form attitude control is driven with an onboard Kalman filter, which
uses inputs from a magnetometer and multiple sun sensors.

The TDS-1 mission carries eight experimental payloads, including a
GNSS-R prototype receiver known as the Space GNSS Receiver Remote
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Sensing Instrument (SGR-ReSI) which has been operational since
September 2014. The SGR-ReSI is a small, low mass, low power receiver
based on commercial off-the-shelf components to improve cost effec-
tiveness, and thus enable potential widespread use. Full details of the
instrument and platform can be found in Jales and Unwin (2015).

The SGR-ReSi collects reflected signals using a highly directional
downward pointing antenna, with a peak gain of 13.3 dBi and a half-
beamwidth of 15° (3 dB). The antenna main lobe points 6° from the
platform nadir. The peak antenna gain is located behind the satellite
until October 2016, when the satellite was rotated 180° in yaw in order
to balance temperatures in the platform, after which date, the main lobe
is pointing 6° in front of the satellite. The instrument is able to track,
record and process reflected signals simultaneously from up to four
different transmitters, with an on-board ranking process that allows the
four strongest reflected signals to be selected based on estimated gain of
the antenna at the specular point. Delay Doppler Maps (DDMs) are
continuously generated onboard and posted at a frequency of 1 Hz,
using a coherent integration time of 1 ms, followed by a 1-second in-
coherent accumulation. Level 1b DDM data from the TDS-1 SGR-ReSI
are disseminated freely through the MERRByS web portal (www.
merrbys.co.uk).

As a technology demonstration mission, the satellite originally op-
erated an 8-day acquisition cycle where the SGR-ReSI operated only 2
out of every 8 days. This acquisition cycle ended in July 2017, when
operations were temporarily suspended due to ground segment con-
straints. Operations of the satellite resumed in late October 2017, with
the SGR-ReSI as the sole operational instrument and GNSS-R acquisi-
tions taken 24 h a day, 7 days a week (24/7). The SGR-ReSI was
switched off in December 2018, when TDS-1 formally reached end-of-
life, in preparation for the deployment of the onboard de-orbiting sail.

At the start of the mission, the SGR-ReSI operated in unmonitored
automatic gain mode (AGM) until the end of April 2015, when it
switched to programmed gain mode (PGM) to allow radiometric cali-
bration of the reflected signals. Large fluctuations are observed in DDM
noise power in time and space (Foti et al., 2017b) and this effect is
partially mitigated in AGM mode. However, radiometric calibration is
not feasible when the receiver operates in AGM as the gain is un-
monitored, thus limiting the retrieval to the use of uncalibrated SNR as
an observable. The NOC C-BRE inversion algorithm operates on
radiometrically calibrated reflected signals (see below). Therefore, the
wind speed retrievals presented in this paper only relate to TDS-1 data
from the end of April 2015, when the receiver started to operate in
PGM. Fig. 1 shows the volume of valid data available over the ocean
during the PGM period between April 2015 and August 2018 that is
considered in this paper.

2.2. NOC C-BRE wind speed algorithm

The NOC C-BRE algorithm inverts wind speed from the DDM peak
SNR, taking into account the bistatic geometry and the antenna gain at
the specular point according to the Bistatic Radar Equation. The SNR
used as the observable is defined as the ratio of the DDM power in the
Signal and the Noise boxes in the DDM. The Noise power box (N) is
fixed in DDM space and of constant size, covering all Doppler frequency
bins and the first four delay (1 chip) bins in the signal free area of the
DDM. The Signal box (S) also has a constant size of four delay bins and
three Doppler bins (1 chip and 1500 Hz respectively), which corre-
sponds to an average ground resolution of 25 km depending on the
elevation angle of the specular point. Due to the fluctuations of the
signal peak position within the DDM, the Signal box is positioned dy-
namically using an automatic detection approach following the appli-
cation of a noise mitigation filter (Foti et al., 2015).

The Geophysical Model Function (GMF) of the NOC C-BRE inversion
was derived using collocations with MetOp A/B ASCAT scatterometers
during the early part of the TDS-1 mission, when the phasing of the
TDS-1 drifting orbit provided a relatively high number of matchups
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Fig. 1. Counts per calendar month of valid TDS-1 SGR-ReSI 1 Hz records over ocean during the TDS-1 Programmed Gain Mode (PGM) phase. Note that after October
2017 TDS-1 data are recorded 24 h a day and 7 days a week leading to the large increase in available data for ocean surface wind speed estimation.

within 0.5° and 1 h of the two ASCAT sensors. The inversion strategy
additionally includes L1 calibration and correction modules based on
time-invariant empirical corrections (i.e. computed once for the whole
PGM period) that account for system, instrument, and geometry related
biases. One of these corrections mitigates differences in direct signal
power across GNSS transmitters, while another mitigates some of the
errors linked to inaccuracies in the knowledge of the effective nadir
antenna pattern aboard TDS-1.

The NOC C-BRE v0.5 algorithm applies only to ice-free open-ocean
conditions, and the algorithm merely applies a rudimentary latitudinal
mask between latitudes of 55°N and 55°S to reduce the effect of con-
tamination by sea-ice. Due to the absence of a proper sea-ice flagging
mechanism, typically strong returns from ice infested areas may be
erroneously interpreted by the algorithm as unrealistically low ocean
wind speeds. Although retrieval of ocean wind speeds has been de-
monstrated even in hurricane conditions when sufficient SNR is
achieved (Foti et al., 2017a), there is insufficient collocated TDS-1/
ASCAT data at high winds to reliably determine the GMF, resulting in
greater uncertainty in GNSS-R winds in this range. For this reason, TDS-
1 wind speed retrieval is capped at 20 ms~! in this version of the al-
gorithm. Wind speed data retrieved using the NOC C-BRE v0.5 algo-
rithm for TDS-1 SGR-ReSI are available freely as L2 products from the
MERRByS web portal (www.merrbys.co.uk).

2.3. ERAS re-analysis data

As explained, the NOC C-BRE algorithm was trained using colloca-
tions with ASCAT in the early phase of the mission when the local time
of ascending node (LTAN) of TDS-1 was favourable to producing a
sufficiently high number of close matchups. However, due to TDS-1
LTAN drift, the number of close matchups has reduced steadily over
time, making collocated measurements with ASCAT scatterometers
unsuitable for assessing the performance of TDS-1 winds consistently
over the full mission lifespan. In fact, from early 2016, almost no co-
incident collections are available that satisfy the required collocation
criteria between TDS-1 and MetOp A/B.

In order to analyse the performance of the C-BRE v0.5 algorithm
over the length of the TDS-1 PGM period (April 2015 — August 2018),
wind speed output from the ECMWF ERAS5 reanalysis dataset is used
(obtained from apps.ecmwf.int/data-catalogues/era5). ERAS is a global
climate reanalysis product combining models with observations,
available over the period from 1979 until near present (the ERA5
hindcast data are released to the public with a latency of ~2-3 months).
The ERAS dataset is available in two forms: a reduced resolution ten-

member ensemble known as the Ensemble of Data Assimilations (EDA),
which provides uncertainty estimates; and a high-resolution realisation
(HRES). For the assessment of the C-BRE v0.5 winds, the HRES product
is used, due to its higher resolution. The HRES atmospheric data have a
spatial resolution of 31 km and a temporal resolution of 1 h, versus a
spatial resolution of 62 km and a temporal resolution of 3 h in the EDA
product. The ERAS5 products are shown to have negligible drift in fit
with observations over time, and favourable spatial performance
(Hersbach et al., 2018; Belmonte Rivas and Stoffelen, 2019). The ERA5
atmospheric variables include a number of surface wind parameters, of
which the 10-metre u and v components of the surface wind vector are
used in the assessment of the TDS-1 winds. Finally, the ERAS data were
collocated with TDS-1 specular point locations using the nearest grid
point in space and time, which corresponds to a maximum spatial offset
of half a grid cell (15.5 km) and a maximum temporal offset of 30 min.

3. Comparisons of TDS-1 wind speed with ERA5
3.1. Overall performance during the TDS-1 PGM period

The NOC C-BRE v0.5 algorithm performance is analysed over the
global ocean, excluding wind speeds that are > 20 m's~! (which make
up < 1% of the collocated ERA5 data), as well as high-latitude (> 55°)
regions outside of the algorithm validity range. The overall perfor-
mance across the whole mission (PGM) of TDS-1 winds compared to
ERAS is shown in Fig. 2. The validation plot shows that the highest
density of wind speeds (~2-5 m's~ ') is generally being slightly un-
derestimated by the C-BRE. This appears to be associated with the effect
of a negative bias found later in the mission (see Section 3.2) together
with a significantly higher volume of data acquisitions then. A small
number of wind speeds above 10 m's~ ! are overestimated, mainly be-
cause of the asymmetric dependence of wind speed on SNR in this
range, where a small decrease in SNR gives a greater positive wind
speed bias than an equivalent increase in SNR (e.g. Foti et al., 2015).

3.2. Performance over time

The TDS-1 wind speed performance (bias, RMSE) is now examined
on a monthly basis for the whole PGM period, considering separately
data acquired in the eclipsed and sunlit parts of the orbit (when attitude
uncertainties are larger — see Foti et al., 2017b). From Fig. 3, the wind
speed retrieval performance does not appear to be stable over time. Best
performance is obtained at the start of the PGM phase where RMSE is
about 1.9 ms™?! for data in eclipse during April 2015, albeit with a
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small positive bias. Following April 2015, and prior to the yaw man-
oeuvre in October 2016, the RMSE gradually increases over time,
reaching a maximum of 3.3 ms™! (in eclipse) in December 2016. The
yaw manoeuvre in October 2016, i.e. when the platform was rotated
180° in yaw, has a significant effect on both RMSE and bias. Although
the worst performance shortly follows the yaw manoeuvre, which could
be attributable to instability of platform parameters following this
procedure, inversion performance does subsequently improve, with
RMSE again reaching 1.9 ms™! (in eclipse) in October 2017 before
stabilising around 2.5 ms~! (in eclipse) up to August 2018. Likewise,
the yaw manoeuvre affects the wind speed bias which becomes more
negative following the manoeuvre. The sunlit and eclipse biases are also
more similar for the entirety of 2017, although they appear to be
drifting apart again in 2018. These fluctuations are thought to originate
in part from changing attitude performance through the life of TDS-1.
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Fig. 2. Comparison of TDS-1 GNSS-R wind speed com-
puted with the NOC C-BRE v0.5 algorithm against ERA5
reanalysis 10 metre wind speed over the open ocean be-
tween [55°N-55°S] latitude. Data are from the period
April 2015 - August 2018. Colours and contour lines in-
dicate the density of observations. (For interpretation of
the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Probability Density

20

These and other possible causes of these variations are explored in
Section 4 below.

3.3. Performance in geographical space

A global map of 1° gridded performance is presented in Fig. 4 that
shows performance using the metric Relative Root Mean Square Error
(RRMSE), defined as the RMSE divided by the average ERA5 wind
speed in that grid cell, to indicate performance independent of wind
speed distributions across the globe. Performance is shown to be best in
the Southern Hemisphere with decreases in performance in the higher
latitude Northern Hemisphere.

Spurious effects can be seen in three seas across the globe, specifi-
cally: Hudson Bay, the Labrador Sea, and the Sea of Okhotsk. Retrieved
wind speeds are found to be unrealistically low in winter (Fig. 5)

4 Fig. 3. Time series of the TDS-1 wind speed
bias (dotted lines) and RMSE (solid lines)
calculated monthly against ERAS5 for TDS-1

3 data obtained in daylight (orange) and
eclipse (blue) conditions. TDS-1 wind speed
is computed using the NOC C-BRE v0.5 al-

S0 / gorithm. The vertical black line marks the
' time in October 2016 when the TDS-1 sa-
= tellite was rotated 180° in yaw. Note the
E; 1E . ™ 4 changes in RMSE and bias before and after
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Fig. 4. Global 1° gridded map of Relative Root Mean Square Error (RRMSE) of TDS-1 wind speed (NOC C-BRE v0.5) computed against ERAS5 over the entire PGM
phase of the mission (April 2015 — August 2018). RRMSE is calculated as the RMSE divided by the average ERA5 wind speed in each grid cell, and represents a

performance indicator independent of wind speed.

compared to ERA5S estimates. This effect is most likely attributable to
the occasional presence of sea-ice providing strong reflections that are
unfiltered by the current time-invariant latitudinal mask (55S—55N).
Further improvements of the algorithm should aim to include improved
filtering and flagging mechanisms for sea-ice, based either on ancillary
data, or on the GNSS-R waveform (e.g. Yan and Huang, 2016b; Alonso-
Arroyo et al., 2017).

4. Discussion: effects of attitude and transmit power changes on
wind speed retrieval performance

4.1. Effects of GPS transmitter power changes on wind speed retrieval
performance

Reduced wind speed retrieval performance at high northern lati-
tudes seems to be attributable to certain groups of GPS transmitters. By
removing blocks IIR-M and IIF the decrease in performance seen in the
North Atlantic and North Pacific is mostly resolved (Fig. 6). This likely
results from specific events where transmit power is changed at certain
times and sometimes for certain spatial regions, that have been de-
scribed as GPS Flex modes by Steigenberger et al. (2019). Fig. 7 shows
the geographical effect on wind speed retrieval of one of these changes
in Block IIF transmit power, resulting in a well-defined area of negative
bias in wind speed (the result of increased transmit power) after Jan-
uary 2017, which was not visible before this time. These wind speed
biases are seen in the North Atlantic, northern Indian Ocean, the

Mediterranean, the Black Sea, and the Sea of Okhotsk and reach up to
3 ms~'. The change in transmitter power of GPS Block IIF satellites in
January 2017 may also explain part of the shift in wind speed retrieval
bias seen in Fig. 3 from around this time. Steigenberger et al. (2019)
also report another geographical flex mode centred on the North Pacific
for three 11 h periods during April/May 2018. However, no evidence is
found in the TDS-1 data of this geographical Flex mode, possibly due to
the short duration of the event and the limited number of TDS-1 passes
during this time.

The C-BRE v0.5 algorithm includes empirical corrections that mi-
tigate differences in direct signal power between GPS transmitters.
However, in this version of the algorithm, these corrections are com-
puted only once for the whole mission and are therefore time and space
invariant. Future versions of the C-BRE algorithm will aim to include
additional mitigation mechanisms to also address spatio-temporal
variability of transmitted GPS power.

4.2. Effects of attitude on wind performance

TDS-1 has a nominal attitude of 0°/0°/0° (in roll/pitch/yaw) prior to
the yaw manoeuvre in October 2016 when the nominal yaw becomes
180°, however some variability around nominal orientation has been
reported by the on-board attitude system (Foti et al., 2017b). To in-
vestigate the impact of attitude performance on C-BRE wind speed re-
trieval the standard deviation of reported platform orientation (roll,
pitch, yaw, and overall magnitude) are plotted in Fig. 8. These results
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Fig. 5. Climatological maps of 1° gridded TDS-1 wind speed bias over the Labrador Sea against ERAS for two seasonal periods: (left) February — April and (right)
August — October. TDS-1 wind speed is computed using the NOC C-BRE v0.5 algorithm. The two periods represent the maximum and minimum seasonal sea-ice
extents, respectively. Note the large area of negative bias close to land in the February — April period caused by the lack of sea ice flag in C-BRE v0.5, meaning that

signals reflected over sea-ice are confused for low wind speeds.
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Fig. 6. Global 1° gridded map of Relative Root Mean Square Error (RRMSE) of TDS-1 wind speed (NOC C-BRE v0.5) computed against ERAS over the entire PGM
phase of the mission (April 2015 — August 2018) but excluding all data transmitted by Block IIF or Block IIR-M GPS satellites.

show that there are clear changes in the stability of platform attitude
over time. Fig. 9 shows the temporal evolution of standard deviation of
roll, plotted on the same timescale as RMSE of the C-BRE algorithm vs
ERAS. A clear similarity is found in the temporal evolution of the two
parameters, suggesting the presence of a direct link between platform
attitude performance and wind speed retrieval performance.

To further assess the dependence of wind speed retrieval perfor-
mance on attitude uncertainty, a sensitivity analysis is performed using
a series of statistical simulations. Fluctuations in satellite attitude will
affect the antenna gain at the specular point as observed by the re-
ceiver. Since the antenna gain at the specular point is required in the C-
BRE inversion, attitude errors will thus introduce errors in the retrieved
wind speed. Statistical simulations were set up so that different levels of
additional random attitude fluctuations are introduced prior to the es-
timation of the antenna gain at the specular point and the computation
of C-BRE wind speeds. For each statistical simulation, 100 samples are

drawn randomly from 19 normal distributions for each of roll, pitch,
and yaw; the attitude distributions are assumed to have means equal to
zero (unbiased) and have standard deviations that increase from 0° to
10°, using 0.2° steps between 0° and 2° and 1° steps between 2° and 10°,
representing increasing attitude uncertainty. The simulations are ap-
plied to real TDS-1 data taken from two separate months, using only
data points where valid wind speeds can be retrieved. The two selected
months are May 2015, when wind speed retrieval performance is at its
best (~ 2 ms™!) and May 2016 when retrieval performance is sig-
nificantly worse (Fig. 3). For each simulation, the performance of the
re-calculated C-BRE wind speeds is assessed against collocated ERAS
data using RMSE as a metric.

The results of these analyses are shown in Fig. 10. They confirm that
RMSE in May 2015 (blue curve) is better than in May 2016 (orange
curve), with results for X = 0 (i.e. no added attitude fluctuations) re-
producing the RMSE found for TDS-1 in these months in Fig. 3. For both

Fig. 7. Global maps of 1° gridded TDS-1 wind speed

5 _.  bias computed against ERA5 in (a) April 2015 —
n January 2017 and (b) February 2017 — August 2018,
@ showing the appearance of a large region of negative
é wind speed bias after January 2017 over the North
2 Atlantic, northern Indian Ocean, the Mediterranean
ey Sea, and the Sea of Okhotsk.
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Fig. 8. Temporal evolution of TDS-1 attitude fluctuations shown as the standard deviation of measurements of (a) roll, (b) pitch, (c) yaw, and (d) the vector norm of
these three attitude parameters. The vertical black line marks the time in October 2016 when TDS-1 satellite was rotated 180° in yaw. All parameters, except pitch,

show significant changes over time.
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months, there is a clear degradation of the wind retrieval performance
(RMSE) as attitude uncertainty increases (represented on the x-axis by
the standard deviation of the added attitude fluctuations). This is due to
the effect of increasingly large errors in the estimated antenna gain at
the specular point. Results indicate that a 4° increase in TDS-1 attitude
uncertainty results in a 0.7-1 m's~ " increase in wind speed RMSE. Note
that this estimated sensitivity of wind performance to attitude is only
approximate since the response is non-linear (Fig. 10). The data in May
2016 present significantly worse performance than in May 2015, with
results implying that TDS-1 was subject to nearly 3° of additional atti-
tude standard deviation in May 2016 compared to May 2015. At the
same time, the on-board sensor data (Fig. 8d) report a mere 1° increase
in the TDS-1 attitude standard deviation between May 2015 and May
2016, suggesting that the reported attitude data significantly under-
estimate the true magnitude of platform attitude fluctuations.

As the nadir antenna on TDS-1 is highly directional, with prominent
anisotropy and steep gradients away from the main beam, even small
uncertainties in attitude knowledge can propagate into large errors in
antenna gain at the specular point, especially for specular points with
high incidence angles. Based on these results, it is clear that accurate
attitude knowledge and a well-characterised antenna pattern should be
prioritised for future GNSS-R missions. Our results indicate that TDS-1
attitude data do not fully reflect real platform attitude, so that even the
best wind speed retrieval performance reported for TDS-1 in May 2015

could still include error contributions linked to uncorrected satellite
attitude effects. As it stands, uncertainties in the nadir antenna gain
map and the absence of reliable attitude knowledge on TDS-1 limits the
ability to further determine the achievable wind speed inversion per-
formance of the NOC C-BRE algorithm for GNSS-R signals from TDS-1.

5. Conclusions and recommendations

This paper analyses wind speed retrieval performance of the NOC C-
BRE v0.5 algorithm across the entire lifespan of the TDS-1 mission
compared to ECMWF ERAS reanalysis wind data. Inversion accuracy is
shown to be generally good, with similar global distributions to ERA5,
albeit with slight overestimation of the highest speed winds and un-
derestimation of the lower winds. However, inversion performance is
found to be a) markedly different in the sunlit and eclipsed portions of
the orbit, b) significantly worse in sunlight, and c) temporally evolving
in a similar way to attitude performance, with increasing attitude de-
gradation corresponding to a decrease in retrieval accuracy. Additional
factors (other than platform attitude) might also be playing a significant
role in the retrieval process, including spatio-temporal changes in
transmitted GPS signal power.

Man-made changes in GPS signal power levels are generally not
made available to the public, but some have been reported in the lit-
erature, which have the potential to significantly affect the wind
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Fig. 10. Results of statistical simulations showing the relationship between
TDS-1 wind speed performance (RMSE against ERA5) and platform attitude
uncertainty (attitude standard deviation) for a period of good TDS-1 perfor-
mance (May 2015; blue) and a period of poorer performance (May 2016; or-
ange). See text in Section 4.2 for details. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

retrieval inversion. These changes have been shown to occur in specific
regions of the globe, and sometimes only for specific time periods
(Steigenberger et al., 2019), and can bias retrieved wind speeds by up
to 3ms™ '

These findings lead to some important general recommendations for
future GNSS-R missions in order to achieve more consistent and robust

inversion performance:

e High-quality platform attitude knowledge data should be an abso-
lute priority to ensure the location of the specular point in the an-
tenna footprint can be accurately determined, and with it, the an-
tenna gain at the specular point.

® GNSS-R nadir antenna gain patterns should be well characterised
before launch, preferably after integration on the satellite, to reduce
errors in the estimated antenna gain at specular points.

® Variations in transmitted GPS power levels, due to hardware evo-
lution or deliberate programmed (and not always publicised)
changes need to be taken into account to achieve geographically
consistent and temporally stable retrievals. More effort is needed to
develop strategies to address this issue, based on onboard sensor
data or other methods.

This paper highlights that global realistic retrievals of ocean wind
speed can be achieved from spaceborne altitudes using GNSS-R. At the
same time, the prominent role of platform attitude knowledge in the
inversion error budget has been demonstrated. However, further work
is still needed to address other possible contaminating factors, including
the spatio-temporal variability of GNSS direct signal power.
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