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ABSTRACT: The Cyclone Global Navigation Satellite System (CYGNSS) mission has generated several new ocean
surface data products. Because of its high overpass rate and ability to measure surface wind speeds through weather, these
data products are typically higher temporal resolution than traditional satellite tropical cyclone (TC) data products. How-
ever, the nature of the Global Navigation Satellite Systems reflectometry (GNSS-R) signal, which is essentially a single
pixelwide measurement along the CYGNSS specular point (SP) track on the ground, necessitates aggregating the wind
speed data over a period of time to accurately characterize TCs in terms of intensity and structure. The standard CYGNSS
level 3 (L3) wind products are averaged over 1 h, which typically is not sufficient to produce an accurate characterization.
A new L3 storm-centric gridded (SCG) wind speed product is presented here. It has been developed to improve upon the
standard L3 algorithm for the purpose of providing better characterization of TC wind fields over their storm life cycle.
This paper describes the L3 SCG algorithm, provides examples of L3 SCG wind fields, and discusses the potential uses and
limitations of the new data product.
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1. Introduction

Accurate characterization of tropical cyclone (TC) winds,
with regard to both intensity and structure, is necessary to im-
prove storm forecasting. The Cyclone Global Navigation Sat-
ellite System (CYGNSS) mission was launched in late 2016
with the goal of improving TC wind characterization via two
primary strategies: deployment of a constellation of minisatel-
lites allowing for more frequent sampling than traditional sat-
ellite systems, and the use of Global Navigation Satellite
Systems reflectometry (GNSS-R), which relies on signals of
opportunity. GNSS-R measures surface properties via the L
band, which enables the signal to penetrate intense rainbands
in a TC inner core and measure the most intense wind speeds
near the surface, while the use of signals of opportunity re-
quires only a relatively lightweight and low-cost receiver for
each satellite. The benefits of the CYGNSS mission’s data
have been investigated and demonstrated (Al-Khaldi et al.
2020; Cui et al. 2019; Ruf et al. 2019; Li et al. 2020; Mueller
et al. 2021). However, one challenge to utilizing CYGNSS
data for TC applications has been determining optimal meth-
ods for exploiting the mission’s unique and irregular sampling
pattern. The native (level 1) along-track data products are
composed of pixelwide CYGNSS specular point (SP) tracks
that vary in spatial resolution and overpass return rate depend-
ing on the latitude and inclination angle between the CYGNSS
receiver and GNSS signal (Ruf et al. 2018). Figure 1 demon-
strates typical overpass coverage of the eight CYGNSS satel-
lites, each measuring four SP tracks, over 1 h (Fig. 1a), 12 h

(Fig. 1b), and a full day (Fig. 1c). Wind speed is derived from
CYGNSS using its level 1 Normalized Bistatic Radar Cross
Section (NBRCS) measurements, which are mapped to ocean
surface wind speeds using an empirical geophysical model
function (GMF), resulting in the level 2 (L2) ocean surface
wind speed products (Ruf and Balasubramaniam 2019). The
standard level 3 (L3) gridded wind speed products are created
from the CYGNSS SP along-track L2 wind speeds by aggre-
gating the L2 winds for each of the four CYGNSS SP tracks,
measured by each of the eight satellites in the constellation
(32 total measurements each second), over an hourly window.
Averaging and quality control (QC) are applied to the binned
wind speeds, and the resulting wind speeds are gridded to a
uniform 0.28 3 0.28 longitude–latitude grid. However, this
standard product does not fully exploit the mission’s advanta-
geous data collection characteristics for representing TC
winds for a given storm. One reason for this is that the 1-h av-
eraging does not typically include enough CYGNSS SP tracks
to adequately resolve the storms’ intensity and structure. Sec-
ond, this 1-h averaging results in few samples for determining
CYGNSS SP track outliers, in both the cross- and along-track
directions, making QC more difficult to perform. An addi-
tional complication is that when temporally averaging a TC
wind field, the motion of the storm leads to “smearing” of the
wind field. To circumvent this problem, wind speeds for TCs
should be temporally averaged in a coordinate system that
follows the motion of the storm (i.e., a storm-centric co-
ordinate system). To illustrate this smearing effect, Fig. 2
shows a CYGNSS overpass of a TC over a 24-h duration.
Many distinct CYGNSS SP tracks pass through the storm,
and in this case, they are distributed well enough that some
wind field structure can be seen. The left panel of Fig. 2,
which has a concentrated region of high wind speeds near
the center of the storm, is plotted in storm-centric co-
ordinates; that is, the location of each wind speed sample is
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adjusted to account for the movement of the storm. By con-
trast, the right panel of Fig. 2 contains aggregated CYGNSS
SP tracks that have been plotted in the native geophysical
coordinate system, not accounting for the storm’s motion,
leading to the wind field appearing smeared as the storm
moves over the time window.

To address the shortcomings of the standard CYGNSS L3
gridded wind product for characterizing individual TC wind
fields, we have developed an alternative gridded wind speed
product that employs a longer averaging period in a storm-
centric coordinate system, implements additional CYGNSS
SP cross-track averaging and QC algorithms, and outputs the
winds for a standard 7.28 3 7.28 region surrounding a storm’s
center location. The overarching goal of this algorithm is to

provide storm-specific, user-friendly wind fields that better
characterize storm structure and intensity and filter out less
reliable data points. This version of the L3 wind speeds is re-
ferred to the L3 Storm-Centric Gridded (SCG) wind speed
product. This paper details the algorithm development of the
L3 SCG product in section 2, presents examples of the L3
SCG wind speeds in section 3, and closes the article with a dis-
cussion and summary of the L3 SCG product in section 4.

2. L3 storm-centric gridded algorithm

A high-level overview of the L3 SCG algorithm is shown in
the flowchart in Fig. 3. The first step of the algorithm com-
bines CYGNSS SP track-based wind speeds as reported in the
CYGNSS L2 files, aggregated over a standard 7.28 3 7.28 spa-
tial grid and 66-h temporal averaging window centered on
the storm’s location, which is estimated from TC best-track
data interpolated to the center of the L3 SCG time window.
This results in an intermediate wind field with collocated wind
speeds on a storm-centric grid coordinate system. A schematic
of the storm-centric grid coordinate system is shown in Fig. 4,
where the origin of the coordinate system is defined by the
storm center location, r is the radius from the storm’s center,
and u is the polar angle, defined as positive counterclockwise
from east. Next, several QC processes are implemented to re-
move questionable values. The QC processes are described in
detail below. The wind speeds remaining after the QC process
are then averaged for each cell using an inverse variance
weighting scheme (Ruf 2018). Repeating this process every
6 h throughout the storm’s life cycle creates a time series of
gridded wind speeds centered on the storm’s path. The wind
speeds are then reprojected back to geographic coordinates
and output on a storm-by-storm basis that roughly covers the
life cycle of the storm (depending on the time frame spanned
by the resulting QCed wind fields). The files also include the

FIG. 1. Example of CYGNSS L2 sampling over (a) 1, (b) 12, and
(c) 24 h. Data shown are from 27 Nov 2021 v3.1 SDR. Samples are
colored by collection time, in hours from 0000 UTC.

FIG. 2. CYGNSS wind speeds in Hurricane Florence from a 24-h duration starting at 0030 UTC 3 Sep 2018,
(left) plotted in storm-centric coordinates and (right) plotted with the regular latitude–longitude of each wind speed.
Wind speeds shown are from the v3.0 SDR L2 dataset. The black open circle represents the reported TC center loca-
tion at the center of the 24-h period.
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wind fields on a polar coordinate grid, as may be required by
some end users.

a. Inputs

Both the standard L3 gridded wind speed product and the
L3 SCG wind speed products derive their gridded winds from
the most recent release (V3.1) of the L2 Science Data Record
(SDR) products (Pascual et al. 2021). For the standard prod-
uct, all wind speeds generated in a single L2 file (covering a
24-h period) are inputs to the L3 gridding algorithm. The
standard L3 product reports two wind speed products: a fully
developed seas (FDS) wind speed product, and a young seas/
limited fetch (YSLF) wind speed product. These two wind
fields address the need for differing wind speed derivation algo-
rithms based on low-to-moderate and high winds, respectively.
For the L3 SCG, the focus on TCs specifically necessitates the
use of the YSLF wind speeds to the algorithm.

In addition to the L2 YSLF wind speeds, a time-continuous
storm center location is required to compute relative latitude
and longitude coordinates for each sample. To approximate

this, best-track TC storm centers (available at primary synop-
tic hours) are linearly interpolated. These data are not known
a priori and must be supplied by an ancillary data source. In
the current version of the algorithm TC best-track data re-
ported in the National Hurricane Center (NHC) best-track
dataset (Landsea and Franklin 2013) is used for TCs in the
Northern Atlantic and east Pacific basins, and the Joint Typhoon
Warning Center (JTWC) database is used for storms occurring
in the western Pacific, Southern Hemisphere, and north Indian
Ocean. Alternatively, preliminary TC track data with a lower
latency period such as from the Automated Tropical Cyclone
Forecast (ATCF) b-decks provided by the NHC or the Interna-
tional Best Track Archive for Climate Stewardship database
(IBTrACS; Knapp et al. 2010, 2018) can be used to create L3
SCG files in near–real time. The dataset discussed herein, how-
ever, uses the official best-track locations to optimize the accu-
racy of the L3 SCG products.

b. Averaging windows

Well-chosen bounds need to be placed on the spatial and
temporal sampling windows to balance the trade-off between
a greater number of samples per grid cell (obtained with
longer/larger temporal/spatial windows) that enable CYGNSS
SP intertrack comparison and quality control, and data proc-
essing errors that dominate larger averaging periods/windows.
If the spatial bounds are too wide (the gridcell size is large rel-
ative to the features of the TC wind field), wind speed meas-
urements from very different parts of the storm are compared
and potentially averaged together. This scenario will result in
too much data being thrown out as a result of poor CYGNSS
SP intertrack comparisons, and the storm structure will be
washed out by a coarse spatial resolution of the wind speed
product. A spatial averaging window of 0.88 has been found to
provide a good balance between the number of wind speeds in
each L3 SCG grid cell and preventing loss of information in
the wind field. Figure 5 shows a schematic of the reporting

FIG. 3. Flowchart of the basic L3 SCG algorithm. The storm file
with L2 winds contains the L2 winds in a polar coordinate system.
The winds are converted to storm-centric coordinates for the QC
and averaging and are reprojected to a lat–lon grid for the final
product. The files also include the final wind fields on a polar coor-
dinate grid.

FIG. 4. Storm-centric coordinate system; the origin is defined by
the storm’s center location at the reporting time, r is the radius
from the storm’s center (km), and u is the polar angle, which is pos-
itive counterclockwise from east.
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grid cells with 0.18 3 0.18 resolution (black grid), relative to an
L3 SCG grid-cell center (red dot) and the spatial averaging win-
dow (red box). For each grid cell, samples are taken from the
spatial averaging window, a 60.48 latitude–longitude box cen-
tered on the grid cell, to populate the cell. This leads to some
overlap between cells, that is, the same CYGNSS samples are
used in multiple grid cells.

The temporal averaging window defines the duration over
which samples are combined to provide a single wind speed
estimate for each cell. The temporal averaging window should
be large enough to obtain an adequate number and distribu-
tion of samples for CYGNSS SP intertrack comparisons, but
not so large that the TC changes significantly within the aver-
aging window. A 12-h temporal averaging window was chosen
to best meet this objective. A wind speed grid is reported ev-
ery 6 h, and each grid contains samples from 66 h. This 12-h
temporal averaging window maintains a Nyquist sampling
rate (2 times rate of reporting vs resolution) and ensures that
at least one overpass of the CYGNSS constellation will be
included in the window (overpasses occur approximately
2 times per day). Some storms will have significant changes in
their wind field over 12 h, especially storms that are rapidly in-
tensifying; a caveat that users should keep in mind when using
the data product for studies where short-term wind fields are
necessary. Since many more storms do not change signifi-
cantly over 12-h windows versus those that do, the longer av-
eraging time frame was selected for the standard L3 SCG
product algorithm.

In summary, each 6-hourly L3 SCG wind field grid is popu-
lated in storm-centric coordinates with a 12-h temporal aver-
aging window, a 0.88 spatial averaging window, on a 0.18 grid.
The combination of the larger spatial averaging window

and the wider temporal window typically allows for multiple
CYGNSS SP tracks to be present in each cell. Figure 6 shows
a histogram of the number of samples used to calculate aver-
ages per grid cell for the L3 SCG products, using all data in
year 2018. The histogram shows that the majority of the aver-
aged wind values are calculated by averaging at least 20 data
samples from 2 or more CYGNSS SP tracks. The standard L3
wind product, by contrast, typically averages 2–3 samples
from a single CYGNSS SP track. The collocation of multiple
CYGNSS SP tracks in the L3 SCG grids allows for intertrack
comparisons and quality control that the standard L3 wind
speed algorithm cannot apply due to lack of multiple CYGNSS
SP tracks represented in an averaging cell.

c. CYGNSS SP intertrack comparison and averaging

The QC and averaging process for the L3 SCG algorithm
consists of three steps: 1) An uncertainty upper bound cutoff,
2) CYGNSS SP intertrack consistency QC, and 3) inverse var-
iance weighted averaging. The first process simply removes
any data samples that are flagged in the input L2 data as hav-
ing uncertainty values greater than 8 m s21. This is done as a
first stage QC to remove questionable wind values from the fi-
nal product. The choice of 8 m s21 for the cutoff is based on
trials varying the cutoff from 6 to 11 m s21, where 8 m s21 was
determined to be the threshold that retains the majority of
the high storm wind samples while removing obviously noisy
data values. The impact of this QC step is shown in Fig. 7,
which demonstrates the typical relationship between the L2
wind speeds and their associated uncertainty values in the
form of a scatterplot containing all L2 YSLF wind speeds
over ;20 days of files. The plotted data include files with
peak intensity winds from Hurricanes Dorian (2019), Michael

FIG. 5. (left) Schematic of the entire 7.28 3 7.28 grid for a given wind field, and (right) the spatial averaging imple-
mentation for a single grid point. The black grid denotes the 0.18 3 0.18 reporting grid. The red dot is the center of an
arbitrary grid cell, and the red square represents the spatial averaging window, i.e., the 0.88 3 0.88 area from which
this grid cell derives its CYGNSS samples for calculating the cell’s averaged wind speed.
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(2018), Laura (2020), and Sam (2021), to ensure that very high
wind speeds are represented in the statistics. The.8 m s21 un-
certainty cutoff is highlighted as the dashed line. Wind speeds
greater than tropical storm force ($17.4 m s21) make up less
than 3% of the wind speed samples. Of these, less than 4% of
the samples have wind speed uncertainties of.8 m s21.

Next, CYGNSS SP intertrack comparisons are performed
for each grid cell. This step is added to improve upon the stan-
dard L3 algorithm averaging process that primarily relies on
CYGNSS SP along-track averaging due to the lack of numer-
ous nearby CYGNSS SP tracks over the 1-hourly averaging
period; CYGNSS SP along-track averaging reduces the effec-
tive spatial resolution of the reported wind speed while reduc-
ing noise in the measurement, but it does not control for bias

in the CYGNSS SP track. Even when there are multiple
CYGNSS SP tracks present in the standard L3 wind speed al-
gorithm, there is no CYGNSS SP intertrack comparison to
see if the CYGNSS SP tracks agree; the wind speeds from
each CYGNSS SP track are simply averaged together using
the inverse-variance weighted average. The CYGNSS SP in-
tertrack QC for the L3 SCG products is conducted as a func-
tion of the number of CYGNSS SP tracks T represented in a
cell. Each cell must contain wind speed samples from at least
two CYGNSS SP tracks for a cell-averaged wind speed to be
calculated. If there is only one CYGNSS SP track in a cell,
then a consistency check is not possible as there is no way to
verify that the wind speeds for that CYGNSS SP track are not
problematic and hence the data point is thrown out. When
there are two or more CYGNSS SP tracks in a grid cell, the

FIG. 7. Typical distribution of the L2 YSLF wind speeds and
their associated uncertainties for ;20 days of L2 YSLF data. The
gray dashed line highlights the maximum allowable uncertainty for
the L3 SCG input winds. Wind speeds above this line would be
thrown out during initial QC. The color scale represents the log rel-
ative density of points.

FIG. 6. Histogram of the number of samples per averaging cell for the L3 SCG algorithm.
There are typically .20 samples per average, vs the 2–3 samples typically represented in the
standard L3 algorithm. The spike at about 11 samples/track is likely due to this number being
the average number of samples in a single track that fall within a 0.883 0.88 spatial window.

FIG. 8. Scatterplot of the difference between two mean CYGNSS
SP track wind speeds vs the average wind speed of the cell for all
storms in 2018. The black line is defined by Eq. (3) and indicates
the threshold below which the two CYGNSS SP tracks are defined
in agreement and used to calculate a wind speed for that cell. For
these data, 80% of two-track cells are within the threshold.
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mean CYGNSS SP track wind speed ut is computed for each
CYGNSS SP track. If there are N samples in the cell with Nt

samples in the tth CYGNSS SP track, the mean CYGNSS SP
track wind speed for the tth CYGNSS SP track is given by

ut 5
1
Nt

∑
Nt

j51
uj, (1)

where uj is the wind speed of the jth sample in the tth
CYGNSS SP track, and all wind speeds within a cell are aver-
aged to give the mean cell wind speed uC:

uC 5
1
N
∑
t5T

t51
Ntut: (2)

For the case of T 5 2, the mean CYGNSS SP track wind
speeds ut are compared to evaluate how well the CYGNSS
SP tracks agree. It is expected that the difference between the
two mean CYGNSS SP track wind speeds will be larger when
higher wind speeds are present. To account for this and to es-
tablish a threshold over which the data point is discarded, the
difference between the mean CYGNSS SP track wind speeds
|ut1 2 ut2| is compared with the mean cell wind speed uC.
Figure 8 shows the relationship between the mean track wind

speeds and mean cell wind speeds for all cells, over all storm files
available in 2018. As expected, in Fig. 8 it is observed that the dif-
ference |ut1 2 ut2| tends to increase with uC. As such, the thresh-
old indicated on Fig. 8 (black line) was chosen to vary linearly
with uC to allow for a larger difference between CYGNSS SP
tracks at high wind speeds. The threshold was defined to keep
;80% of the samples and discard the remaining 20%. These
numbers are determined ad hoc in an attempt to retain the major-
ity of samples while removing those with the most egregious dis-
agreements between them. The threshold limit is given by

|ut1 2 ut2 | , 0:4uC 1 3: (3)

All data points that meet the criteria in Eq. (3) are considered
to be in sufficient agreement and the mean cell wind speed uC
is reported as Eq. (2). If there is a large difference between
two CYGNSS SP tracks and the difference exceeds the
threshold, no wind speed is reported for the cell.

When there are more than two CYGNSS SP tracks in a cell
(T . 2), an outlier test is done to check if any mean CYGNSS
SP track wind speeds ut are anomalous. All samples are used
when defining what is an outlier. The outlier definition is com-
puted separately for each cell in the grid, and even if a sample is
excluded from the average in one grid cell, it will still be consid-
ered for inclusion in other grid cells. The CYGNSS SP track x is
not an outlier if its mean CYGNSS SP track wind speed is within
3x standard deviations of the mean cell wind speed computed
without CYGNSS SP track x. This is represented by the condition

u′
C 2 3s ′

C , ux , u′
C 1 3s ′

C, (4)

where the prime superscript indicates that CYGNSS SP track
x is excluded when computing the term and where

s ′
C 5

���������������������������������
1

(T 2 1) 2 1
∑
tÞx

|ut 2 m|2
√

and (5)

m 5
1

T 2 1
∑
tÞx

ut: (6)

Outlier CYGNSS SP tracks that are flagged by this method are
removed from the averaging. The algorithm also checks to see if
unique CYGNSS SP tracks of data are present in any particular
6-hourly increment of its implementation, to avoid an exact dupli-
cation of the SCG product from one 6-h increment to the next.

FIG. 9. The standard deviation of the mean CYGNSS SP track
wind speeds (ut) plotted against the mean of the two highest mean
CYGNSS SP track wind speeds for all 2018 storms. The line fit is
used to estimate a typical standard deviation value given utop2.
When there are three or more CYGNSS SP tracks in a cell, this re-
lation is used to determine whether the CYGNSS SP tracks agree
well enough to report an averaged wind speed for that cell.

TABLE 1. Summary of differences between the standard CYGNSS L3 gridded wind speed product and the L3 SCG product.

Std L3 wind speed product L3 SCG wind speed product

Temporal averaging window 1 h (60.5 h from reporting time) 12 h (66 h from reporting time)
Spatial reporting interval 0.28 3 0.28 0.18 3 0.18
Inputs L2 SDR V3.1 wind speeds from all 8

CYGNSS satellites; YSLF and FDS
wind speeds

L2 SDR V3.1 YSLF wind speeds from all CYGNSS
satellites whose specular points are located near
the storm of interest; lat–lon storm center estimates

Spatial range Global (21808:1808 lon; 7408 lat) Moving grid; 63.68 grid centered on storm center
Temporal range Files output daily Files output for individual storms, spanning the life

cycle of the storm
Averaging coordinate system Geographic coordinates Storm-centric coordinates and polar coordinates
Latency ;6 days Several months
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Next, the variation of the mean CYGNSS SP track wind
speeds mt is calculated to determine whether the spread of the
31 CYGNSS SP tracks is typical. The expected standard devi-
ation is computed from the relation

sExpected 5 0:26 x (utop2 2 3:5), (7)

where utop2 is the average of the two highest mean CYGNSS
SP track wind speeds mt after removal of outlier CYGNSS SP
track(s). Equation (7) is derived from a best-fit line to data
from the 2018 hurricane season, which is shown in Fig. 9. If the
standard deviation of the mean CYGNSS SP track wind
speeds is more than 3 m s21 greater than the typical standard
deviation estimated from Eq. (7), no wind speed is reported
for the cell, that is,

s2Outliers
C . sExpected 1 3 m s21: (8)

If the condition in Eq. (8) is not met, then the wind speed for
the cell is reported as Eq. (3) but with outlier CYGNSS SP
track(s) excluded.

Last, an inverse variance weighting scheme is used to av-
erage the samples remaining within a grid cell, consistent
with the inverse variance weighting done on the standard
L3 gridded wind speed products (Ruf 2018).

One additional difference between the L3 SCG products
and the standard CYGNSS wind speed products is the data
product latency. Because of the reliance on QC’d TC best-
track information for the storm centric grid, the L3 SCG
product latency is determined by the TC best-track data la-
tency. This latency is typically on the order of several
months after the conclusion of a TC season. As mentioned

FIG. 10. TC best track and maximum sustained wind speed
(Vmax) of Hurricane Sam. Wind speed data are from the IBTrACS
database (Knapp et al. 2010, 2018).

FIG. 11. (left) Examples of 12 h of CYGNSS L3 winds and (right) the L3 SCG wind fields covering the same time
period for two Hurricane Sam wind fields.
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above, L3 SCG files can also be generated using interim TC
best-track data values for near-real-time applications, al-
though these special data products are beyond the scope of
this paper. A summary of the differences between the stan-
dard L3 wind speed product and the L3 SCG product is
shown in Table 1.

3. Dataset examples

Examples of the L3 SCG wind products are demonstrated
in this section for Hurricane Sam. This storm was chosen
because it was an intense storm that had relatively good

coverage by the CYGNSS constellation. Hurricane Sam was
a category-4 storm that originated off the western coast of
Africa in September 2021. Over a period of about 2 weeks,
the storm underwent several cycles of intensification and weak-
ening, reaching category-4 hurricane status first on 25 September,
and again on 1 October. The storm subsequently weakened for
good, dropping its hurricane status by 5 October and completely
dissipating by 7 October. Because of its path, far from the U.S.
eastern coast and at a safe distance from Bermuda (Fig. 10), the
storm did not cause significant damage. Storms with trajectories
far from land, like Sam’s, are particularly difficult to collect data
over since hurricane reconnaissance aircraft require a nearby

FIG. 12. Examples of L3 SCG surface wind fields (color shading; m s21) for Hurricane Sam, where there is (left) low, (center) midrange,
and (right) high inner-core coverage.
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airfield for missions. Figure 11 shows examples of 66-hourly ag-
gregated L3 YSLF winds for two time periods during Hurricane
Sam’s life cycle (left column) and the corresponding L3 SCG
wind fields (right) that are the product of the L3 YSLF input
winds with the QC and averaging applied in a storm-centric
gridded coordinate system. Due to the motion of the storm, the
aggregated L3 YSLF winds do not show a coherent wind field as
expected, while the L3 SCG winds that have been averaged in a
storm-centric gridded coordinate system reflect a more accurate
structure of the storm wind field.

The L3 SCG wind fields shown in Fig. 11 contain good cov-
erage of the storm’s inner core (defined herein as the R34
radius); depending on the CYGNSS constellation’s orbit dur-
ing a storm’s life cycle and the quality of the processed data,
this coverage varies significantly. Figure 12 shows examples of
wind fields over Sam’s life cycle that contain low-, mid-, and
high-inner-core coverage, defined as having #33%, 34%–66%,
and $67% of the inner-core grid points containing values af-
ter the 66 h aggregating and QC, shown in the left, center,
and right columns, respectively. It can be seen that while
some wind fields capture the overall structure of the inner
core, other wind fields lack crucial data coverage either be-
cause of limited sampling or removal of these points during
the QC process. Because of the unreliable coverage of the
highest storm winds (in part because of the limited spatial res-
olution of the input L2 retrievals themselves) and the 12-h av-
eraging of the wind speeds, the L3 SCG wind fields tend to
underestimate the maximum wind speed whether the inner
core is well sampled. This can be seen in Fig. 11 (top row),
where the CYGNSS L3 YSLF wind product contains wind
speeds between 40 and 50 m s21, while the corresponding L3
SCG wind field has a maximum wind speed around 38 m s21.
Plotting the TC best-track-reported Vmax alongside the maxi-
mum sustained wind speed in the L3 SCG wind fields for
Hurricane Sam (Fig. 13) shows this discrepancy over the
storm’s life cycle, which is most notable when the storm’s
Vmax is greater than 30–40 m s21. A fuller picture of the relation-
ship between the CYGNSS L3 SCG wind fields and reported
maximum sustained wind speed values is shown in Fig. 14.
The scatterplot shows maximum wind speeds for all storm
files over 2018–20 versus maximum sustained wind speeds re-
ported by the NHC or JTWC (depending on the storm basin).
The scatterplot is colored by log relative density so that overlying

points are visually represented. Most points in the lower wind
speed range (;8–17 m s21) have errors in the 65 m s21 range.
As the observed maximum sustained wind speeds increase into
the tropical storm/TC wind speed range, the errors develop a
negative bias that range from an average of 210 to 260 m s21

as the reported maximum sustained wind speeds increase
from ;18 to 80 m s21. The algorithm likely is better able to
match the lower maximum sustained wind speed measure-
ments because there is less of a discrepancy between the TC
and background winds during the initial growth phase when
the wind field lacks organization, so the observed CYGNSS
wind speeds are better able to represent the reported maxi-
mum sustained wind speeds regardless of the amount of spa-
tial coverage of the TC wind field over a particular reporting
interval.

While the L3 SCG data products are unreliable at capturing
TC maximum sustained wind speeds in the core of fully
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FIG. 14. Scatterplot of maximum wind speed observations in
each CYGNSS L3 SCG wind field vs the reported maximum sus-
tained wind speeds. Reported values are provided by the NHC or
JTWC, depending on the basin. Plotted values are from the 2018–20
L3 SCG dataset.
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FIG. 13. Time series of the maximum Hurricane Sam wind speed reported in the IBTrACS
database (blue line) and estimated by the CYGNSS L3 SCG wind fields (green dots).
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developed storms, the ability of the L3 SCG data products to
track lower intensity wind speeds in developing storms indi-
cates the L3 SCG products could be useful for monitoring de-
veloping storms by running the algorithm with near-real-time
TC track inputs in place of official TC track data. Addition-
ally, the data product provides greater temporal coverage
than comparable TC wind products (e.g., SMAP and AMSR).
Figure 15 shows all available storms from 2018 to 2020, where
each dot represents an L3 SCG wind field, color-coded by
the inner-core coverage. While most of the wind fields fall
into the “low” or “midrange” inner-core coverage categories,
some degree of coverage is available at a 6-hourly interval for
most storms, whereas existing TC wind products typically
have complete lapses in data coverage on the order of days.
The availability of sparse wind fields at a more frequent inter-
val than existing TC wind products indicates the potential of
using the L3 SCG wind products to provide general TC wind
speed data informing background/initial wind fields (e.g., as-
similation for TC reanalysis/hindcasts), where the lack of ac-
curate Vmax data may not hinder the overall simulation.

4. Summary and conclusions

A new gridded CYGNSS wind speed product has been de-
veloped for representing tropical cyclone surface wind speeds.
The L3 SCG product increases the spatial coverage of
CYGNSS gridded wind speeds over the standard L3 gridded
wind speed products by aggregating the CYGNSS L2 YSLF
wind speeds over a 66-h window, on a standardized, moving
grid that collocates measurements taking the storm’s forward

motion into account. This approach allows for a more com-
plete representation of the storm winds at a given time, as
compared with the standard L2 and L3 wind speed products.
Caveats to this product are that the longer averaging window
will not capture rapid intensification or decay events, and the
algorithm’s reliance on TC best-track geolocation data makes
it unsuitable for forecasts as its latency is on the order of
months. Additionally, while a more complete storm is re-
presented in the L3 SCG files, the sporadic nature of the
CYGNSS measurements combined with the 12-h averaging
window and QC leads to the L3 SCG product typically under-
estimating the maximum wind speeds in a TC. One possibility
for mitigating these shortcomings for future GNSS-R based
TC products would be to have a greater number of satellites
in orbit to increase spatial coverage and reduce the required
averaging window. Despite these caveats, the L3 SCG wind
speed products have greater temporal availability than exist-
ing TC wind products and may be beneficial for applications
where frequent measurements of background TC wind fields
are needed. Additionally, the L3 SCG product shows promise
for tracking storm behavior during initial development from a
tropical disturbance to a tropical storm and could shed light
on these processes. Future iterations of the L3 SCG dataset
will include expanding the TC storm centered grid beyond
63.68 to capture more TC features, as well as implementing a
near-real-time data product that uses inputs from interim TC
center location data sources.
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FIG. 15. Coverage of the L3 SCG database over 2018–20 storms. Each dot represents an L3 SCG wind field; the dots are colored by
the percentage of the storm’s inner core that is captured in the grid, where red, yellow, and green dots respectively represent #33%,
34%–66%, and$67% of the inner-core grid speeds containing an L3 SCG wind speed value.
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