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ABSTRACT: Global Navigation Satellite System Reflectometry (GNSS-R)-based wind retrieval techniques use the global
positioning system (GPS) signals scattered from the ocean surface in the forward direction, and can potentially work in all
weather conditions. An overview of recent progress made in the Cyclone Global Navigation Satellite System (CYGNSS)
level-2 surface wind products is given. To this end, four publicly released CYGNSS surface wind products—Science Data
Record (SDR) v2.1, SDR v3.0, Climate Data Record (CDR) v1.1, and science wind speed product NOAA vl.1—are vali-
dated quantitatively against high-quality data from tropical buoy arrays. The latest released CYGNSS wind products (e.g.,
CDR vl1.1, SDR v3.0, NOAA v1.1), as compared with these tropical buoy data, significantly outperform the SDR v2.1. More-
over, the uncertainty among these products is found to be less than 2 m s~ ! root-mean-squared difference, meeting the
NASA science mission level-1 uncertainty requirement for wind speeds below 20 m s~ *. The quality of the CYGNSS wind is
further assessed under different precipitation conditions in low winds, and in large-scale convective regions. Results show that
the presence of rain appears to cause a slightly positive wind speed bias in all CYGNSS data. Nonetheless, the outcomes are
encouraging for the recently released CYGNSS wind products in general, and for CYGNSS data in regions with precipitating
deep convection. The overall comparison indicates a significant improvement in wind speed quality and sample size when go-

ing from the older version to any of the newer datasets.

KEYWORDS: Atmosphere; Ocean; Buoy observations; Microwave observations; Remote sensing;

Satellite observations

1. Introduction

Scatterometer derived surface winds significantly contribute
to scientific understanding of complex air-sea dynamics and
relevant key phenomena, especially where in situ observations
are sparse and/or challenging to obtain. It has successfully
been demonstrated that satellites are capable of resolving fine-
scale wind variations and related air-sea dynamics (Alpers
and Briimmer 1994; Short et al. 2019). For instance, Short et al.
(2019) examined offshore characteristics of the Maritime
Continent’s diurnal wind cycles using satellite scatterometer
observations, and noticed that land-sea breezes typically propa-
gate as gravity waves over 400 km offshore, generating mean
wind differences of 1-5 m s~ 1. Moreover, satellite scatterometer
estimates of 10-m winds are used to assess the accuracies of
near-surface wind fields (Chelton and Freilich 2005) in forecasts
from operational weather forecast agencies such as the National
Centers for Environmental Prediction (NCEP; Saha et al. 2014)
and the European Centre for Medium-Range Weather Fore-
casts (ECMWF; Hersbach et al. 2020). Scatterometer winds are
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routinely assimilated into weather forecast models, and have
been shown to result in improved forecast skill (Kobayashi et al.
2015; Rennie et al. 2021; Rennie and Isaksen 2020). Improve-
ments have also been seen in the prediction of cyclone tracks
and tropical convection (Li et al. 2020; Bhate et al. 2021).

While near-surface wind data from spaceborne scatterome-
ters have proven to be a source of accurate information, their
performance can be substantially affected by specific environ-
mental conditions. For instance, most scatterometer data are at-
tenuated in heavy rain due to their relatively high operating
frequencies such as the Ku-band operated QuikSCAT, ScatSAT,
and RapidSCAT. However, attenuation has much less of an
effect at lower frequencies, e.g., L or S band. The NASA
CYGNSS constellation consists of eight observatories with
GNSS receivers, and provides L-band bistatic scatterometry
data via a signal of opportunity, using the operational GPS
constellation as transmitters. CYGNSS measurements are
free from the Bragg resonance (Ruf et al. 2019b), and are
thus sensitive to a broader range of the roughness spectrum
that includes both capillary waves and swell (Zavorotny and
Voronovich 2000). The measurements are less sensitive to
rainfall intensity than C- or Ku-band scatterometers. The
CYGNSS mission consists of a constellation of eight small
spacecraft orbiting at a low altitude of ~500 km and 35° incli-
nation angle. As a result, it provides ample data sampling over
the whole tropics, which are effective in representing natural
events such as hurricanes. A detailed description of the
CYGNSS mission and spacecraft engineering characteristics
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are given in the CYGNSS handbook (Ruf et al. 2016) and in
the article by Ruf et al. (2019b).

CYGNSS winds are derived from ocean surface forward
scattering through a geophysical model function (GMF) that
maps the CYGNSS normalized bistatic radar cross section
(NBRCS; or so-called oy) to 10-m wind speed. In the retrieval
process, wind data output from operational numerical weather
prediction model data assimilation systems were used to gener-
ate the CYGNSS level-2 GMF (e.g., Ruf and Balasubramaniam
2019; Said et al. 2021). The estimated CYGNSS retrieval winds
can thus be influenced by a variety of environmental and geo-
physical conditions, including data calibration and the de-
tails of the GMF. Recent advancements in the CYGNSS
L2 wind speed estimates include better calibrated NBRCS
thanks to the monitoring of the GPS transmit power using the
CYGNSS zenith antenna (Wang et al. 2019), as well as the use
of a trackwise NBRCS bias correction to help address linger-
ing calibration issues (Said et al. 2019). In fact, the latter has
been incorporated in both the CDR data series (v1.0 and v1.1)
and the NOAA vl.1 wind products. With the advancements
made to the CYGNSS products over the previously released
Science Data Record (SDR) v2.1, it is therefore important to
assess the performance of these newly derived wind speed esti-
mates. In this paper, our aim is to document the recent pro-
gress made in the publicly released CYGNSS data for the
science and applications user communities. Quantitatively, the
wind speeds observed by CYGNSS are evaluated using a high-
quality set of tropical moored buoy arrays. Furthermore, the
performance of CYGNSS in different oceanic regimes, under
various large-scale convective phenomenon, and in buoy mea-
sured rain conditions are assessed in this study.

2. Data and validation approach

This study incorporates four publicly available CYGNSS
level-2 wind products—SDR v2.1 and v3.0, CDR vl.1, and
NOAA vl.1. Each data product provides the time-stamped
and spatially averaged wind speed at 25-km effective resolu-
tion inferred from the Delay Doppler Mapping (DDM) in-
strument mounted on the CYGNSS spacecraft. All data
versions, except NOAA v1.1, report a 25-km wind speed sam-
ple every ~6 km along each CYGNSS track. The NOAA v1.1
product, on the other hand, reports nonoverlapping adjacent
25-km wind speed samples along each CYGNSS track (i.e.,
wind speed samples are 25 km apart). While the DDM sam-
pling frequency is 2 Hz (2 samples per second post—July 2019,
giving ~3-4-km spatial distance between samples on the sur-
face; before that it was 1 Hz ~6-8 km), the time difference be-
tween two consecutive wind speed samples is reported to be
about 4-5 and ~1 s for the NOAA and the remaining (SDR
v2.1, SDR v3.0, CDR v1.1) CYGNSS products, respectively.
A brief description of each of the datasets as follows.

a. SDRv2.1

CYGNSS level-2 SDR version 2.1 (i.e., SDR v2.1) fully
developed sea (FDS) surface winds were obtained from the
PO.DAAC data web portal (CYGNSS 2018). The CYGNSS
level-2 empirical GMF model used the closest 10-m ERA-Interim
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and GDAS Blended Sea Winds matchup to CYGNSS L2
wind speed sample (Ruf and Balasubramaniam 2019). The
blended dataset was ocean surface vector winds on a global
0.25°, 6-hourly grid, which was used to generate the GMF at
different wind ranges. More details about the algorithm can be
found in the level-2 Wind Speed Retrieval algorithm theoreti-
cal basis document (Clarizia et al. 2018). The radiated power
generated by GPS Block type IIF GPS spacecrafts was found
to fluctuate significantly, and at times it was difficult or impos-
sible to predict or detect. This led to a high level of uncertainty
in CYGNSS winds derived from reflections from the GPS
Block type IIF transmitters. Version 2.1 calibration did not ap-
ply a correction to fix this power fluctuation issue, and there-
fore in this version, the Block type IIF samples were excluded
from the wind speed retrievals (Ruf et al. 2019b). In addition,
the data points that have a range corrected gain (RCG) value
less than 3 (unit: 1 X 1072 dBi m™*) were flagged and ex-
cluded from our analysis. The reason the RCGs were used as
the quality control is the fact that smaller RCGs are often cor-
related with a high incidence angle, leading to a higher degree
of uncertainty in the wind estimates (Ruf et al. 2016). In our
current analysis, we have found that the statistics improve
(RMSD by ~2.5% against the buoy winds) using the applied
RCG thresholds in the SDR v2.1, despite a 4%-5% reduction
in sample size.

b. SDRv3.0

Version 3.0 (CYGNSS 2020) is the successor of v2.1 in the
SDR series. The major change involved incorporation of the
tracking of direct signal strength using the zenith antenna
which allows for real-time monitoring of the variations in
GPS transmit power. This allows v3.0 to be more accurately
calibrated than v2.1. Note that, prior to August 2018, each ze-
nith antenna used automatic gain control. As such, no direct
calibration is possible prior to August 2018, and v3.0 data are
only available after this time. The real-time transmit power
monitoring and correction implemented in level 1 v3.0 data
allow Block II-F signals to be used. This provides a better esti-
mation of the oy, which is then used with an updated GMF
for the wind speed retrieval. Also, in this product version,
measurements over the entire globe are matched up with co-
incident 10-m referenced ocean surface wind speeds provided
by MERRA-2 data (Gelaro et al. 2017) that were used to gen-
erate the GMF.

c¢. CDRvl.1

Version 1.1 CDR (CYGNSS 2021) is the latest climate-
quality release of the CYGNSS wind speed product, and is de-
rived from the CYGNSS v3.0 level 1 data. The FDS level-2
wind speeds are derived using the same GMF as SDR v3.0 to
map the observables into wind speed that are empirically
derived from large populations of near-coincident match-
ups between on-orbit measurements by CYGNSS and an
independent estimate of the MERRA-2 wind speed. Simi-
lar to Said et al. (2019), a trackwise correction algorithm is
implemented, this time using MERRA-2 wind as ancillary
model wind data. The trackwise correction accounts for
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FIG. 1. The collocated (with CYGNSS SDR v2.1 from 1 Aug 2018 to 28 Feb 2021) tropical moored-buoy array:
Prediction and Research Moored Array in the Tropical Atlantic (PIRATA), Research Moored Array for African—
Asian—Australian Monsoon Analysis and Prediction (RAMA), and Tropical Atmosphere Ocean (TAO)/Triangle
Transocean Buoy Network (TRITON) for winds (circles) and rainfall (plus signs). More details on the tropical buoys

are given on the NOAA/PMEL website (www.pmel.noaa.gov/gtmba/mission).

any remaining transmit power level fluctuation of the GPS
signals measured by the CYGNSS bistatic radar receivers
that was not addressed in the v3.0 calibration routine as
well as other possible residual calibration errors.

d. NOAA vl.1

This dataset (SOCD 2020) corresponds to the second sci-
ence-quality release produced by NOAA/NESDIS, derived
from SDR v2.1 NBRCS, using a geophysical model function
dependent on both the wind speed and significant wave
height, as well as the incidence angle of the specular reflec-
tion. Additionally, as part of the wind speed retrieval process,
a trackwise debiasing algorithm is implemented on a track-
by-track basis in order to remove the unwanted intersatellite
biases including “inter-GPS block type” related biases [see
Said et al. (2021) for more details]. Since CYGNSS NBRCS
can be affected by the presence of swell, particularly in the
low wind speed regime, the NOAA GMF takes into account
the impact of the significant wave height in order to properly
identify the contribution of the local wind to CYGNSS
NBRCS.

e. Reference data

Following Asharaf et al. (2021), hourly averaged surface
wind and rain observations from the tropical moored buoy ar-
rays Prediction and Research Moored Array in the Tropical
Atlantic (PIRATA; Bourlés et al. 2008), Research Moored
Array for African—Asian—Australian Monsoon Analysis and
Prediction (RAMA; McPhaden et al. 2009), and Tropical
Atmosphere Ocean (TAO; McPhaden et al. 1998)/Triangle
Transocean Buoy Network (TRITON) were processed and
employed as reference data for the CYGNSS wind validation
(Fig. 1).

f- Collocation method

CYGNSS derived ocean surface winds, from the time peri-
ods listed in Table 1 and the following figures, were validated
against the ocean buoys. It is important to note that the SDR
v2.1, SDR v3.0, and CDR v1.1 each provide two wind speed
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products called Young Sea Limited Fetch (YSLF) and Fully
Developed Sea (FDS), whereas NOAA v1.1 provides a single
wind speed product adapted for all wind conditions. In the
case of the SDR v2.1, SDR v3.0, and CDR vl.1, the FDS
wind product was selected for our study since it assumes the
sea state is in equilibrium with the sea wind speed. Quality
control (QC) flags were applied for the CDR v1.1, SDR v3.0,
and NOAA v1.1 wind data, which were screened by discard-
ing any records that were flagged as fatal or poor quality (see
the QC-flags header description in the data). In this analysis,
the daily GPS data were used to track a precise position of
buoys over time.

CYGNSS winds were considered within 25 km and *+30 min
of buoy locations and times, which were collocated by an
inverse-distance-weighting (IDW) scheme that accounts for
both the space and time between the measurements (Boutin
and Etcheto 1990; Asharaf et al. 2021). It is likely that multiple
CYGNSS specular points fall near a buoy location within the
25 km and *30 min. Our collocation approach includes all of
the specular points along the specular point track that both
meet the spatial and temporal threshold criteria for the
CYGNSS and buoy matchup. The calculation of weight in the
applied IDW method is similar to the frozen turbulence con-
cept as described by May and Bourassa (2011).

CYGNSS winds are reported at 10-m height. To perform a
fair comparison, buoy winds were adjusted to 10-m height fol-
lowing Monin—Obukhov similarity theory using the Coupled
Ocean-Atmosphere Response Experiment (COARE) version 3.6
(Edson et al. 2013; Fairall et al. 2003) algorithm. Moreover,
the buoy winds were converted to equivalent neutral winds
(Ui0,) by removing the stability effects since satellite winds
are derived from the radar signals that are uniquely related to
wind stress rather than wind speeds (Liu 1984). It is important
to mention here that the SDR v2.1 was derived from a GMF
which incorporated GDAS blended sea winds. These blended
winds are closer to Ujg,. Therefore, we used the buoy Ui,
wind for the SDR v2.1 comparison. However, the newer
CYGNSS wind products differ in training data (real wind—e.g.,
CDR vl.1, SDR v3.0 used MERRA-2 reanalysis and NOAA
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TABLE 1. Global and regional summary of statistical parameters [mean bias, RMSD, and correlation coefficient (Corr.) of wind
speed between CYGNSS and buoy at different buoy measured wind ranges. N is the matchup sample size. All CYGNSS data cover

the period from 1 Aug 2018 to 28 Feb 2021.

Buoy wind range below 20 m s !

Low (wind < 5m s ')

Moderate (5 = wind = 12 m s~ ') High (wind > 12 m s )

Coverage CYGNSS product N Bias RMSD Corr. N Bias RMSD  Corr. N Bias RMSD Corr.
Global SDR v2.1 6412  0.87 2.30 0.5 14881 1.65 3.36 044 168 —-0.58 3.01 0.19
SDR v3.0 8030  0.08 1.26 0.6 16586 —0.82 1.88 0.5 185 —4.07 4.80 0.09
CDR vl.1 6308 0.19 1.16 0.57 14145 -0.75 1.67 0.6 157 —-322 4.09 0.03
NOAA vl1.1 7860  0.14 1.15 0.66 16346 —0.2 1.2 074 165 -1.86 3.07 0.12
Indian SDR v2.1 2317  0.64 2.25 0.47 3603 1.41 3.19 050 109 -0.38 295 0.21
SDR v3.0 2830 —0.05 1.24 0.61 3779 —1.09 2.06 056 121 -—-3.77 444 0.18
CDR vl.1 2203 0.12 1.22 0.54 3244 —0.89 1.91 062 104 -299 3.64 0.11
NOAA vl.1 2860 —0.02 1.12 0.67 3646 —0.48 1.38 076 103 —-1.70 2.63 0.24
Pacific SDR v2.1 3467 1.04 2.37 0.51 8383 1.87 3.49 0.43 33 -0.59 265 —0.10
SDR v3.0 4395  0.14 1.29 0.59 9519 -0.74 1.84 0.47 42 —-4.63 564 —021
CDR vl.1 3418 0.25 1.14 0.59 8025 —0.64 1.58 0.59 32 —=3.67 522 —024
NOAA vl.1 4152 0.26 1.18 0.66 9251  —0.08 1.14 0.73 37 =267 425 —-022
Atlantic SDR v2.1 628  0.82 2.06 0.52 2895 1.30 3.18 0.42 26 —1.39 3.62 0.35
SDR v3.0 805 0.17 1.18 0.57 3288 —0.72 1.82 0.49 22 —4.62 496 0.59
CDR vl.1 687  0.09 1.08 0.56 2876 —0.91 1.64 0.63 21 —-3.63 426 0.44
NOAA vl.1 843  0.10 1.13 0.61 3449  —-0.20 1.16 0.76 25 —-132 267 0.44

v1.1 used ECMWF forecast winds) that were used to generate
their respective GMF. In fact, their corresponding wind prod-
ucts are close to the real winds that include the stratification
of the air near the surface. Thus, in this case we use actual
buoy winds (stability included) for evaluating the newer
three CYGNSS products.

3. Results
a. Direct comparison

In this section, comparisons among surface winds from
CYGNSS products against the buoy winds are performed at
both global and regional levels.

Figure 2 compares the aggregated collocated CYGNSS re-
trieved surface winds at the buoy locations. A close agreement
between the retrieved winds and in situ wind measurements
with the correlation coefficient ranging from ~0.7 (in SDR
v2.1) to ~0.9 (in NOAA v1.1) is found. However, the collo-
cated CYGNSS wind samples in SDR v2.1 and CDR vl.1,
above ~12 m s~ !, are more widely dispersed, and the variabil-
ity (standard deviation: SDR v2.1 = 284 m s, CDR v1.1 =
224ms ' SDRv3.0=233ms ', NOAAvlL.1 =227ms})
is greater relative to the SDR v3.0 and NOAA v1.1 products.
The mean bias is 1.4 m s™! for SDR v2.1, which is the largest
among the datasets. In contrast, SDR v3.0, CDR vl1.1, and
NOAA v1.1 have smaller and negative mean biases (cf. Fig. 2:
SDR v3.0 = —=055ms ', CDR vL.l = —048 m s, NOAA
vll=-01ms?}).

Among these datasets, the NOAA product exhibits small-
est (=0.1 m s™') mean wind bias. In addition, the RMSD
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errors are found to be largest in the SDR v2.1 (3.08 m s~ ') and
smallest in the NOAA v1.1 (121 m s~ ") wind products (Fig. 2).
The variability in reference buoy winds for the matchup time
periods is almost the same (see the standard deviation of the
buoy winds). The RMSDs are about 127%, 66%, 71%, and
49% of the standard deviation of the buoy winds in SDR v2.1,
CDR v1.1, SDR v3.0, and NOAA v1.1, respectively.

While the shapes of the wind histograms (see Fig. 3) are
similar, discrepancies can clearly be seen, especially at the
higher and lower wind speeds. The wind comparisons across
the four products exhibit the greatest differences in SDR v2.1.
In this, CYGNSS yields a relatively higher (lower) number of
samples than the buoy measurements in the high (low) wind
range. In contrast, the CDR v1.1 and SDR v3.0 show the opposite
relation compared to SDR v2.1. The wind distributions between
CYGNSS and buoys are quite consistent with NOAA v1.1.

Figure 4 shows the CYGNSS wind biases (CYGNSS-buoy)
and RMSDs as a function of buoy wind speed. Note that the
CYGNSS mission and the GNSS-R measurements approach
in general are both fairly new. We assume the performance
assessment by using buoy winds as the source of ground truth
(illustrated by the x axis of Fig. 4) is more judicious than con-
sidering CYGNSS alone or mean of both buoy and CYGNSS
winds at this position. The analyses of the dependence of the
wind speed difference on the buoy winds show that the bias is
small and positive for wind speeds below ~3 m s, tends to
zero in the buoy wind range of approximately 3-5 m s !, and
is negative at higher wind speeds, approaching approximately
—5m s~ ! (in CDR v1.1 and SDR v3.0) at speeds near 15 m s+
(Fig. 4). At higher winds, the bias dependencies on buoy winds
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FIG. 2. A 2D density plot of collocated CYGNSS and tropical buoy wind speeds: (a) SDR v2.1, (b) CDR v1.1,
(c) SDR v3.0, and (d) NOAA vl.1. The diagonal gray line is the 1:1 agreement. The statistical parameters
RMSD, p, o, ob, and N are the root-mean-square difference, mean bias (CYGNSS — buoy), standard deviation of
the difference (CYGNSS — buoy), standard deviation of buoy winds, and the total sample size of the collocated

CYGNSS and buoy wind data, respectively. All CYGNSS data cover the period from 1 Aug 2018 to 28 Feb 2021.

show better performance for NOAA v1.1 and SDR v2.1 than
the SDR v3.0 and CDR v1.1. The RMSD patterns changed and
greatly increased for SDR v3.0 and CDR vl.1 compared to
SDR v2.1 at the high wind range. The strong overestimation is
mostly below 10 m s ™! due to large outliers found in the col-
located SDR v2.1 data, whereas a slight underestimation
(compared to the newer CYGNSS products) occurs above
the 12 m s~ ! wind speed. This can be seen in Fig. 4 and Table 1
(at the high wind range) more clearly. At the high wind range,
the underestimation in CYGNSS winds generally found to be
predominant. However, the outliers in CYGNSS SDR v2.1
data counterbalance the biases and thus improve the statistics
compared to other wind products.

Since most of the collocation samples lie between 0 and
~14 m s™! (see Fig. 4), the operational valid wind assessment,
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based on the CYGNSS L1 baseline requirement (Ruf et al.
2019b) can only be made for this range of wind speed at this
point. In the case of NOAA v1.1 the RMSD curve intersects
the2ms ™! uncertainty threshold at ~12.5 m s”! CDR v1.1 at
~9ms~' and SDRv3.0at~8.5ms "

We further repeated our analyses for each of the three dis-
tinct tropical ocean basins, i.e., Indian, Atlantic, and Pacific.
Figure 5 displays the 2D density scatterplot for each oceanic
region. While the collocated data points mostly lie along the
1:1 line, the matchup density is found to be greatest in the low
to moderate buoy wind range. However, the scatterplot shows
a relatively more disperse relation in the Indian Ocean than
Atlantic and Pacific Oceans. The RMSD value for CDR v1.1,
SDR v3.0, NOAA v1.1 products tend to be higher in this re-
gion, where SDR v3.0 displays the greatest RMSD value
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FIG. 3. Surface wind histograms (bin width: 1 m s !) for both CYGNSS and buoys.

(~1.84 m s™! in the Indian Ocean). The smallest RMSD
(~1.3 m s~ ! in Indian Ocean) is found to be for the NOAA
v1.1 wind product.

A great reduction in outliers, especially at the higher wind
range, can be seen from SDR v2.1 to the CDR vl1.1, SDR
v3.0, and the NOAA v1.1 products (Fig. 5). The RMSD and
bias values as a function of buoy winds for each oceanic re-
gion (not shown) show similar error patterns as above de-
scribed for the globally aggregated stations analysis (Fig. 4),
i.e., positive (negative) bias and larger RMSD in lower
(higher) winds. However, at high winds, as shown in Table 1,
the biases appear to be more pronounced and negative (~—3 to
5m s~ ") for CDR v1.1 and SDR v3.0 than SDR v2.1 (~—0.5 to
—14 m s ') and NOAA v1.1 (~—13 to —2.7 m s~ '). Large
outliers can be seen in SDR v2.1 (Figs. 2 and 5); its rela-
tively improved negative bias at high wind is due in part to
compensating errors from these outliers. The NOAA wind
product exhibits the smallest errors among the CYGNSS
wind products, while SDR v2.1 exhibits the largest. With the
exception of SDR v2.1, the wind speed histograms for the
three oceans show similar shapes at the higher and lower
wind speed ranges (Fig. 6). However, the Indian Ocean exhibits a
slightly wider distribution than the other two oceans—indicating
a pronounced number of low to moderate wind samples.
The number of high winds (i.e., winds above 12 m s™!) is
also found to be greater in the Indian Ocean than in the
Atlantic Ocean.
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Figure 7 displays time series of monthly biases in all four
CYGNSS winds for the Indian Ocean. The Indian Ocean is
characterized by strong seasonal and interannual natural
cycles, which can be inferred to some extent from the buoy
monthly wind time series (Fig. 7). The region is, therefore,
chosen specifically to examine whether the pronounced nat-
ural variabilities exist in CYGNSS wind biases, too. Note
that the data length used (~4 years) may not be long enough
to replicate well these natural signals.

Our analysis shows that the variations of periodic signals
are evident in the bias time series of all CYGNSS wind prod-
ucts, though their magnitudes vary among the datasets. For
example, SDR v2.1 tends to show strongest variation, whereas
NOAA vl.1 indicates least variation in the wind bias. All data
indicate a systematic underestimation (except SDR v2.1 in
post June 2018) in comparison to buoy winds. Up to June
2018, the SDR v2.1, CDR v1.1, and NOAA winds are found
to be ~5% less than buoy winds, whereas the standard devia-
tions of these products are ~3 m s, close to buoy data. It is
interesting to note that the SDR v2.1 starts growing rapidly
from February 2020 (Fig. 7). A possible explanation for this
large difference is attributed to the fact that starting around
this time, the flex power affected the transmit power of Block
IIR-M GPS that majorly contributed to spurious fluctuation
in oy, which ultimately resulted in a significant jump of the
SDR v2.1 retrieved wind speed (Said et al. 2021). While the
newer CYGNSS products do not show any trend, they show
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the period from 1 Aug 2018 to 28 Feb 2021.

systematic negative biases throughout the period, which
are found to be in the range of —0.5 to —1 m s~ '. The nega-
tive bias is more pronounced in SDR v3.0, whereas the off-
set between CDR v1.1 and NOAA vl1.1 wind bias may
partly be due to the different ancillary data products (i.e.,
MERRA-2 for CDR v1.1 and ECMWF/HWRF/IFREMER
WaveWatch III forecast for NOAA v1.1) used by each of
them to perform the trackwise correction. Figure 8 illus-
trates the RMSD and bias of wind estimates across the
eight CYGNSS spacecraft (FM01 to FMO08) for all four
products. SDR v2.1 clearly shows a statistically significant
positive bias in all spacecraft, while CDR v1.1 and SDR
v3.0 show a negative bias. In contrast the biases in NOAA
vl.1 are negligible. It is promising to see that the previ-
ously reported greatest outliers in FM01 and FMO5 of SDR
v2.1 are significantly suppressed in the newer CDR vl1.1,
SDR v3.0, and NOAA v1.1 products. The RMSDs in the
NOAA product, which are generally below 1.5 m s~ !, are
found to be smallest among the datasets.
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b. Performance in rain and convective systems

All four CYGNSS wind products were further evaluated
for various buoy measured hourly precipitation conditions.
Here, we specifically performed an assessment for low wind
(<6 m s~ 1) cases only owing to the fact that rainfall appeared
to have the largest effect on the CYGNSS low-wind estimates
in our previous study (Asharaf et al. 2021). Figure 9a shows
the RMSD values for four different rain conditions, i.e., heavy
(R > 1.0 mm h™'), moderate (R > 0.2 mm h™'), negligible or
scant (R < 0.1 mm h™'), and nearly all rain conditions (30 =
R > 0 mm h™"). One can observe that the RMSDs are found
to be significantly different from those in the full dataset
when the rain rate is above 1.0 mm h ™!, relative to the scant
or no rain (R < 0.1 m s~ ') case. The results are consistent with
the previous finding of Asharaf et al. (2021). Among all
CYGNSS products, the errors in SDR v2.1 are significantly
higher than SDR v3.0 and NOAA products in conditions with
heavy rain rates (>10 mm h™'). Figure 9b shows the rain
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FIG. 5. Asin Fig. 2, but for the (left) Indian, (center) Pacific, and (right) Atlantic Oceans.
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effect on CYGNSS wind residuals computed from the buoy
data. All CYGNSS products show a small positive bias that in-
creases with increase in rain rate. However, the increasing
slope and the correlation between the CYGNSS wind resid-
uals and the buoy rain rate are found to be smaller for CDR
v1.1, SDR v3.0, and NOAA v1.1 than for SDR v2.1.
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Numerous studies have reported the existence of the inter-
tropical convergence zone (ITCZ) in the tropics, which is an
equatorial trough that exhibits a close connection with con-
vection and its associated rainfall pattern (e.g., Waliser and
Jiang 2015). The structure and movement of the ITCZ over
a range of latitudes play an important role in characterizing
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the strength of ocean-atmosphere interaction. Given the
importance of the ITCZ in the tropics, it is worth investigat-
ing how likely it is that the retrieved CYGNSS winds will
change in convective regions, and how the results will vary
among the CYGNSS products. To do so, we conducted a
wind speed comparison using the buoy datasets over the
ITCZ region in the tropical Pacific Ocean. For this particu-
lar analysis, the ITCZ region is defined by the Integrated
Multisatellite Retrievals for GPM (IMERG; Huffman et al.
2019) gridded precipitation data, covering the longitude
range 150°-110°W.

The analysis indicates a tendency of positive wind bias and
higher RMSD over the ITCZ region (cf. Fig. 10), while the
differences are least and insignificant outside the region. The
increased biases and RMSDs follow closely the seasonal evo-
lution of the ITCZ band. To make it more visible, we ex-
tended the analysis by averaging across the aforementioned
longitude and plot the mean bias and RMSD along the geo-
graphical latitude for all four products (Fig. 11). We also
added the IMERG rainfall and buoy measured wind speed to
illustrate explicitly the latitudinal migration of the ITCZ
event. It shows that all CYGNSS winds tend to yield higher
error (both in bias and RMSD) in the ITCZ band, covering
from 2° to 11°N latitude. The errors are remarkably high in
SDR v2.1; however, it is interesting to see that the RMSDs
are found to be significantly suppressed in the remaining
CYGNSS products (the wind difference from SDR v2.1 is ~1.5
to 1.0 m s~ in CDR v1.1 and SDR v3.0 versus ~2.5 m s~ ' in
NOAA v1.1 winds). Prior to August 2018, the SDR v2.1 prod-
uct follows nearly the same error pattern as the newer
CYGNSS products, yet a relatively large deviation in all data
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products is found over the ITCZ band (Fig. 11, see the dotted
red line in the bias and RMSD plots). Similar error characteris-
tics in all CYGNSS winds were also found in the ITCZ over the
Atlantic Ocean (not shown).

4. Discussion

The difference between the retrieved and buoy winds are
found to be in general consistent (with the exception being
SDR v2.1); however, the discrepancies are notable at the
higher and lower wind ranges in all four CYGNSS products.
The differences at the higher winds can be attributed to the
backscattered signal attenuation problem and the CYGNSS
calibration issue. For instance, Ruf et al. (2019a) suggested
that the decrease in sensitivity of the GMF with increasing
wind speeds is one of the major factors responsible for the er-
ror growth in high winds.

While the wind speed estimates from CYGNSS are gener-
ally consistent with the buoy observations, the Indian Ocean
exhibits a slightly larger error than in the Pacific and Atlantic
Oceans. As supported by scatterplot (Fig. 5) and histogram
(Fig. 6), the Indian Ocean has more collocated samples
(~59%—-65%) than the Atlantic Ocean, and yet it does not
show such high-density cluster on the scatterplot as found in
the Pacific and Atlantic Oceans, indicating the wind speed es-
timates have more variability (cf. the relatively wider wind
distribution plot in Fig. 6) for the Indian Ocean than the other
two seas.

In the tropics, over the Indian and western Pacific Oceans,
large- or planetary-scale intraseasonal oscillations predomi-
nantly occur. For instance, one important mode of intraseasonal
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variability is the Madden—Julian oscillation (MJO), which leads
to higher wind speed variability and can significantly influence
precipitation processes. Moreover, the climatology of the diur-
nal signals, especially over the Indian and west Pacific Oceans is
stronger and more tightly coupled with heavy rainfall and deep
convection than in the other regions (Yang and Slingo 2001).
The increased convection and variability in the planetary-scale
processes in the Indian Ocean may contribute to increasing the
roughness of the sea surface, thereby increasing the susceptibil-
ity to the error growth in the CYGNSS wind speeds. Because
the wind speeds observed by CYGNSS are sensitive to rain at
low wind speeds (<~6 m s~ ') and the lower wind speeds are
observed in the Indian and west Pacific Oceans, it is likely that
additional errors are introduced in CYGNSS over these regions.
The apparent differences in the present analysis can also be ex-
plained by the fact that the collocated sample size of higher wind
speeds is also greater in the Indian compared to the Atlantic
Ocean (see the wind distribution in Fig. 6 and Table 1). More-
over, CYGNSS has a known bias at higher wind speeds, as indi-
cated above (Fig. 3) and in previous studies (Ruf et al. 2019a,b).
This may lead to further uncertainties in the CYGNSS derived
wind speeds in this regime.

In the present study, the inconsistencies, especially in CYGNSS
SDR v2.1, occur, as shown in Fig. 7, after July 2018. The CDR
v1.1 product does not show any spurious increasing trend in
the monthly bias time series, thanks in part to the use of
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better calibrated NBRCS and the implemented trackwise
NBRCS correction. The SDR v2.1 algorithm assumes GPS
behavior does not vary with time, whereas the latest
CYGNSS products use time dependent corrections. It has
been noticed that the large changes in SDR v2.1 occurred
when GPS changes its flex power operating mode mostly af-
ter February 2020 (Said et al. 2021). The CYGNSS products
also include a ~60-day periodicity, which is the period of the
CYGNSS orbit plane beta angle precession, and also the pe-
riod of long-term variations in the physical temperature of
the CYGNSS receivers.

It was found in previous studies (Asharaf et al. 2021; Asgarimehr
et al. 2018) that rain splashing effects on ocean surface rough-
ness, and by extension, scatterometer estimates of wind, are
noteworthy at low wind speeds. Our present analyses are
consistent with these previous findings, indicating rain effects
on the CYGNSS wind residuals are minor, and occur at low
wind speeds for all four CYGNSS products. Similar to Fig. 9,
we have repeated the rain dependency analysis by using the
IMERG rainfall data product. Despite the different spatial
scales in the rainfall dataset (e.g., buoy at point scale and
IMERG at 0.1°), both data products show nearly identical
results, albeit the sample size is found to be relatively higher
with the gridded IMERG dataset (Fig. S1 in the online
supplemental material). The increasing positive bias trend
under low wind conditions can be associated with the current
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level-1 calibration issue that does not apply a correction for
rain induced attenuation (Balasubramaniam and Ruf 2018).
The slightly degraded performance of the CYGNSS wind
products over the ITCZ region can partly be linked to the oc-
currence of multiscale convection and convective variability
in the region. It is observed that the improvement in bias and
RMSD over the ITCZ region are greater in the NOAA v1.1.
and CDR v1.1 wind products due to the trackwise correction
algorithm applied with both the products. However, the cor-
rection algorithm is largely dependent on the used ancillary
numerical model wind data that can inherently affect the track
wise correction performance (Said et al. 2021), since the qual-
ity of numerical model wind data heavily relies on the model
parameterization schemes, especially over the convective re-
gion. It must be emphasized here that the ITCZ is a large-scale
feature, whereas each buoy measurement is representative of
a point—or at best a very limited local region. Fine-scale
processes that affect winds measured by a buoy might not be
adequately represented by CYGNSS winds over a 25 km foot-
print. Indeed, CYGNSS may better represent the ITCZ large-
scale processes due to a larger CYGNSS footprint size relative
to the buoy point measurement. Aside from considerations re-
garding the spatial scale of the measurements, the wind speeds
observed by CYGNSS are sensitive to rain at low wind speeds
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(<~6 m s ') and lower wind speeds and heavy rainfall are as-
sociated with the ITCZ band. Moreover, the diurnal uncer-
tainties could also be one of the crucial contributing factors
involved in the CYGNSS wind speed errors over the region.
To examine this effect, we have selected a set of buoys along
latitudes that follow the 125°W longitude line, and then the
RMSD and bias are computed at the diurnal local standard
time every 3 h (Fig. S2). The statistics indicate that the errors
in CYGNSS winds are somewhat increased in the ITCZ band.
The differences are also found in the early morning and after-
noon time where the atmosphere is considered to be relatively
more stable and unstable, respectively. Thus, these all may
add another level of complexity to the CYGNSS wind re-
trieval and correction process for the regions with widespread
intense convection.

5. Conclusions

The present study gives an update on the performance of
four available CYGNSS wind products against high-quality
tropical buoy arrays. All four products tend to be in close
agreement and show similar error characteristics at high and
low wind speeds. For example, CYGNSS wind speed underes-
timates at the higher buoy winds and overestimates lower
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buoy winds. However, the winds in SDR v2.1 appear to have
a drift in bias that begins in July 2018. The trackwise correc-
tion and updated GMFs significantly improve the retrieved
winds, which can be observed in the decrease in scatterplot
variability for the CDR v1.1, and NOAA datasets, relative to
SDR v2.1. The aggregated wind matchup statistics suggest
that the improvement in RMSDs is about 49% for CDR v1.1,
43% for SDR v3.0, and 61% for NOAA v1.1 product when
compared to the CYGNSS SDR v2.1 winds. In addition, the
outliers found for specific CYGNSS spacecraft (FM01 and
FMO5) in the SDR v2.1 dataset are significantly reduced in
the updated CYGNSS data releases.

While the CYGNSS products have slight rain dependency
in light wind conditions, the relative performance among the
CYGNSS datasets show promising results for CDR vl1.1,
SDR v3.0, and NOAA v1.1 compared to SDR v2.1 retrieved
winds. The improvement can also be seen along the ITCZ
band, where all products are shown to have relatively larger
bias and RMSD values than outside the convective band.

The present comparison statistics overall indicate that the
agreement between newly retrieved winds from the CYGNSS
mission and tropical buoys is within the 2 m s™! threshold de-
fined by NASA level-1 science mission requirements. This
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requirement is consistent with the previous finding of Ruf et al.
(2019b) and Asharaf et al. (2021). Although the latest CYGNSS
products (CDR v1.1 and NOAA v1.1) use the trackwise correc-
tion algorithm that removes the physical temperature depen-
dent bias of the CYGNSS receivers, there are still residual
errors in the temperature dependent corrections in the L1 cali-
bration algorithm.

The near-term consideration is to improve the SDR v3.0 and
CDR v1.1 CYGNSS L2 winds by addressing this issue and also
incorporating the significant wave height information to the wind
speed retrieval algorithm, similar to NOAA v1.1 [see Said et al.
(2021) for more details]. Note that the significant wave height is
sensitive to the longer wavelength parts of the roughness spec-
trum, and therefore using it in the retrieval algorithm provides a
means to correct for signals in the CYGNSS data that are not
due to locally wind generated waves. Of course, significant wave
height is also sensitive to local wind speed, so there is the possibil-
ity that information about the local wind may be included in the
model which provides the significant wave height data. This pos-
sibility was recently addressed in Pascual et al. (2021), and was
found not to be a significant contributing factor. The improve-
ments to L1 calibration planned for SDR v3.1 are described in
Gleason et al. (2022). The improvements to L2 wind speed
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(March 2017-July 2018) is shown by a red dashed line in the RMSD and bias plots.

retrieval planned for SDR v3.1 are described in Pascual et al.
(2021). Initial results with these new algorithms are encouraging
and are found to improve the CYGNSS wind performance at
high wind speeds.
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