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Abstract—This work further investigates the use of ocean wind
speed retrievals from NASA’s Cyclone Global Navigation Satellite
System (CYGNSS) mission that are closely spaced in space and
in time to detect regions in the atmosphere undergoing “rapid”
change. As in a previous investigation, CYGNSS measurement
“clumps” (i.e., groups of wind speed measurements satisfying spec-
ified time/space separation criteria) are used to create a wind
speed change detector, and the results are compared to a set of
atmospheric properties derived from Modern-Era Retrospective
Analysis for Research and Applications 2 model datasets. The
analysis uses a four-year CYGNSS Level-2 wind speed dataset
developed by the National Oceanic and Atmospheric Administra-
tion and highlights the potential for using CYGNSS’s wind speed
measurements to locate various dynamic activities occurring over
the ocean’s surface. The presented results also highlight some of
the challenges of the method, including the inherent dependence
of detection performance on the quality of CYGNSS’s wind speed
estimates as well as the validity of comparisons to “truth” datasets
having temporal resolutions much coarser than those provided by
CYGNSS.

Index Terms—Bistatic radar systems, cyclone global navigation
satellite system (CYGNSS), global navigation satellite systems
reflectometry (GNSS-R), ocean surface dynamics, rough surface
scattering.

I. INTRODUCTION

THE detection of highly dynamic regions of the atmosphere
(for example, along fronts, cyclones, or in other convective

regions) is key for improved understanding and prediction of the
genesis of frontal wave cyclones, extreme surface temperature
shifts, heavy precipitation, and maintaining an understanding
of the central components that influence the Earth’s weather
[1]–[4]. A wide range of definitions may be used to characterize
“highly dynamic regions” that are here taken as characterized by
high spatial gradients over time scales that range from the very
short (subhour level) to systems that occur over periods of 1–6 h.
The varied spatial and temporal scales over which such features
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can occur make their remote sensing using spaceborne platforms
desirable. NASA’s Cyclone Global Navigation Satellite System
(CYGNSS) mission appears well suited to address this need
given its extensive coverage (latitudes −38◦ ≤ ϕ ≤ 38◦) fo-
cused on tropical regions, where a significant fraction of Earth’s
deep atmospheric convection occurs [5] as well as its eight
satellite constellation that provides 7 and 3 h mean and median
revisit times, respectively [6], [7].

This article expands on a previous investigation [8] on the
use of CYGNSS’s revisit characteristics to detect dynamic at-
mospheric regions over the ocean’s surface. In this work, the
method used in [8] to define CYGNSS measurement “clumps”
within which detections are performed is revised by adopting
a dynamic approach that is better adapted to the nature of
CYGNSS measurements. The detection procedure is also re-
vised from that of [8] by implementing an adaptive detection
process that defines clump-specific detection thresholds. While a
complete assessment of the method is challenged by the absence
of large-scale model datasets that resolve on the subhour time
scales considered, results are shown that illustrate the features
detected as a function of the detection threshold applied. In gen-
eral, the method is shown to be capable of providing information
on dynamic atmospheric regions as associated, for example,
with cyclonic activity, land–atmosphere–ocean exchanges, and
atmospheric turbulence.

The next section provides an overview of CYGNSS’s basic
operation and data products. Section III then reviews the novel
properties of CYGNSS’s ocean surface spatiotemporal sampling
patterns, the definition of CYGNSS measurement clumps, and
the proposed convective activity detection methodology. A brief
overview of the reference datasets used in this work is also
provided. Section IV then reports results using a four-year
CYGNSS dataset and provides both quantitative and qualitative
assessments of detection performance. Particular emphasis is
placed on the tradeoffs in terms of detection probabilities and
false alarm rates associated with the enforcement of a wide range
of detection thresholds when compared to “truth” fields adopted
from the MERRA-2 model. Section V then provides a summary
of the results and recommendations for future work.

II. BACKGROUND

A. CYGNSS Operation and Data Products

The CYGNSS mission operates a constellation of eight satel-
lites in low Earth orbit. The primary scientific payload of each
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of the satellites is the delay-Doppler mapping instrument that
receives GPS signals reflected from Earth’s surface [9]. By cross
correlating received GPS transmissions with a locally generated
copy of the transmitted GPS C/A-code, the fundamental GNSS-
R measurement, the delay-Doppler map (DDM), is formed.
“Pixels” in the DDM represent the power scattered from Earth’s
surface at specific offsets in delay and Doppler from the specular
reflection point.

The CYGNSS mission provides three levels of data products;
the proposed detection methodology uses Level-2 (L2) wind
speed estimates. An L2 wind speed estimate is obtained from
a normalized radar cross section (NRCS) value derived from a
DDM measurement using the DDM average [10], [11] defined
as an integration of the bistatic radar cross section within a
predefined delay-Doppler window about the specular DDM bin
normalized by the effective scattering area. NRCS values are
regressed against wind speeds provided by other instruments
and/or models to derive a geophysical model function (GMF) for
converting the NRCS into wind speed. Fundamentally, the GMF
is, therefore, a function that expects an NRCS or a related ob-
servable quantity (trailing edge slope, for example) as its input,
as well as other information on the measurement configuration
(incidence angle, etc.), and provides wind speed estimates as its
output. A more comprehensive overview of the factors dictating
the formulation and tuning of the CYGNSS GMFs is provided
in [12].

While standard CYGNSS wind products continue to advance,
the difficulties of achieving precise power calibration [14] across
all eight observatories together with the variability that GPS
power flexing events [15] cause have motivated investigating
means with which the quality of CYGNSS ocean surface wind
estimates may be improved. The studies of this article are par-
ticularly sensitive to any biases among CYGNSS observatories,
since measurement clumps may include wind speed estimates
obtained from differing satellites in the constellation, making
use of products that eliminate such biases important for im-
proving performance. The National Oceanic and Atmospheric
Administration (NOAA) L2 wind (uN

10) product addresses these
challenges by introducing a correction term for each CYGNSS
measurement “track” that minimizes the bias for the entire track
when compared to predicted CYGNSS measurements using
European Centre for Medium-Range Weather Forecasts [16]
wind speeds. The single correction applied for each track rep-
resents an average over up to several hundred specular points
extending up to several thousand kilometers in length, which
limits the influence of the model to the correction of CYGNSS
measurement biases between tracks and/or observatories. Due
to these desirable properties, the L2 wind speed estimates of the
NOAA v1.1 product are used in this work.

III. RAPID VARIABILITY DETECTION METHODOLOGY

A. Clump Definition

CYGNSS’s measurements occur as individual specular points
within a track that represents a particular GPS transmit-
ter/CYGNSS receiver combination. Due to the complex nature
of the combined CYGNSS and GPS satellite orbits, CYGNSS

Fig. 1. Clump statistics using CYGNSS L2 wind estimates obtained over
2017–2020. (a) Mean number of clumps per day. (b) Mean number of measure-
ments forming a clump. (c) Mean clump duration.

coverage occurs in an irregular pattern, making statistical de-
scriptions such as the 7 and 3 h mean and median revisit times
useful. These statistics, however, vary with latitude, and shorter
revisits at subhourly rates regularly occur as the constellation
overpasses a given location. It is also noted that the spatial
grid, within which a revisit is defined, influences these results;
the nominal spatial resolution of a CYGNSS measurement is
approximately 25 km.

The proposed detection methodology examines the variability
in wind speed estimates within a “clump” to flag locations
experiencing dynamic activity.

CYGNSS measurement clumps are defined first by gridding
NOAA v1.1 wind speed estimates onto a daily 1◦ by 1◦ lat/lon
grid. The daily time series in each grid cell is then examined
to identify gaps between successive measurements of greater
than 1 h duration. Clumps are then defined as groups of mea-
surements between these “gap” periods. In order to be retained
for further analysis, a clump must have a minimum of three
wind speed estimates. The average number of estimates per
clump following these procedures was found to be 8, and the
average clump duration was 21.94 min. This approach adapts the
“static” method used in [8] (which used fixed clump durations)
into a “dynamic” definition that is more suited to the varying
revisit properties obtained from CYGNSS as a function of
latitude. Fig. 1 illustrates clump statistics over the period of
interest, including the mean number of clumps identified per
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day (upper plot), the mean number of measurements within a
clump (middle), and the mean duration of a clump (lower). The
latitude-dependent nature of these quantities is evident, as well
as the ability of CYGNSS to provide multiple measurements
within subhour time periods. The performance of the proposed
method for detecting atmospheric dynamics should also, there-
fore, be expected to be latitude dependent.

B. Detector

Rapid change detection is performed by applying a threshold
to the variance of wind speed estimates within a clump, since
higher levels of variability within a clump indicate changes
occurring either within the time duration of the measurements
within the clump or within the 1◦ by 1◦ grid cell in space
considered. First, consider the “false alarm” case. Wind speed
estimates within clumps not experiencing rapid variability (i.e.,
“stationary clumps”) can be modeled as a set of independent
normally distributed random variables Xi

Xi ∝ N
(
μ, σ2

)
= μ+ σN(0, 1) (1)

where μ is the mean wind speed and σ is the measurement error.
The wind speed variance within a clump of Nc samples can then
be estimated as

V =
1

Nc − 1

Nc∑
i=1

(Xi − μ̃)2 (2)

where μ̃ is the sample mean. From (2), it follows that the variance
estimator V has a scaled chi-squared distribution with Nc − 1
degrees of freedom (χ2

Nc−1) with 〈V 〉 = σ2 and variance

Var(V ) =
2σ4

Nc − 1
Nc. (3)

A detection threshold Vthresh on the sample variance V can be
specified based on the probability Ifa that a stationary clump’s
wind variance exceeds the threshold

Ifa = P (V > Vthresh) = 1− χ2
Nc−1,cdf

(
Nc − 1

σ2
Vthresh

)
. (4)

Here, χ2
Nc−1,cdf is the cumulative distribution function of a

standard chi-squared random variable. While estimating the
uncertainties associated with CYGNSS retrievals is complicated
by their wind speed dependence, in what follows, a value of
1.67 m/s is used to approximate CYGNSS’s measurement error
based on previous assessments of CYGNSS’s L2 wind speed
error properties [17], [18]. Using (4) and the specified value for
σ2, estimates of Vthresh corresponding to specified false alarm
rates Ifa and the number of samples within a clump Nc can be
determined, as shown in Fig. 2. This approach for determining
the threshold improves that of [8] (in which a fixed Vthresh

value was used) by attempting to retain a fixed false alarm
rate as Nc varies. However, it should be expected that detection
performance will remain dependent on the number of samples
within a clump. In addition, results when comparing CYGNSS
“detections” from those obtained from meteorological models
will be dependent on a wide range of additional factors, so that

Fig. 2. Vthresh as a function of Nc (number of measurements within a clump)
and Ifa (probability that the variance estimate V exceeds threshold in the
stationary clump case).

the specified Ifa value will not precisely specify the eventual
“false alarm” rate in such comparisons.

C. Reference Datasets

To provide quantitative and qualitative comparisons with
detector results, the Modern-Era Retrospective Analysis for
Research and Applications 2 (MERRA-2) dataset is used as a
reference. The wind speeds provided by MERRA-2w10 are used
to compute, over the duration of a given clump, the magnitude
of the wind speed gradient |∇w10|, which is here used as a
proxy indicator of dynamic behavior. As with the threshold on
wind speed variance within a clump, a threshold is invoked on
the MERRA-2 |∇w10| value to indicate locations of interest.
Fig. 3 illustrates detection locations for thresholds ranging from
smaller (upper plot) to moderate (middle) to larger (lower plot)
values of 0.007, 0.045, and 0.14 m · s−1·km−1, respectively.
Given the fraction of detected pixels of 60%, 10%, and 0.01%
for these thresholds, respectively, a value of 0.045 was selected
as providing a more realistic representation of the locations, pat-
terns, and relative prevalence of dynamic locations as compared
to previously reported indicators [8]. Points detected using the
0.045 threshold are used for comparison in Section IV.

It is noted that this comparison is only one of many possi-
bilities, and that intercomparisons between the CYGNSS- and
MERRA-2-derived quantities should be carefully interpreted.
MERRA-2 winds are a reanalysis product that is produced on
an hourly basis and, thus, may not consistently capture the
variability that can occur on the finer time scales within a
CYGNSS clump. Furthermore, the MERRA-2 product assimi-
lates millions of observations [19] from a variety of platforms
over a given wind field cycle, all of which undergo a process
of recursive filtering, which promotes spatial homogeneity and
smooth wind field variations in all directions [20]. While this
process significantly improves the quality of the final wind field
products, for the purposes of this study, it may also have the
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Fig. 3. Examples of MERRA-2 reference frontal boundary declarations
(in cyan) at wind gradient thresholds of (a) 0.007 m · s−1·km −1, (b)
0.045 m· s−1·km −1, and (c) 0.14 m· s−1·km−1.

undesired impact of dampening any anomalies associated with
rapidly changing wind fields that may be included in CYGNSS
measurements.

IV. RESULTS

A. Global Detection

Adopting the MERRA-2 wind speed gradient detector with
a 0.045-m · s−1·km−1 threshold as “truth,” the receiver oper-
ating characteristic (ROC) curve shown in Fig. 4 is obtained
for the CYGNSS clump detector. This plot summarizes the
probability of detection (i.e., both CYGNSS and MERRA-2
indicate rapid change) and the probability of false alarm (i.e.,
CYGNSS indicates rapid change, while MERRA-2 indicates
no rapid change) as Ifa is varied. These results use all clumps
obtained from the NOAA L2 CYGNSS wind speed products
from DOY 121, 2017 to DOY 366, 2020. The obtained ROC
curve is compared against the “no skill” (i.e., random choice)
curve in Fig. 4; the results shown clearly illustrate the value
of the CYGNSS dataset in identifying MERRA-2 high wind
gradient regions. The information in Fig. 4 further provides
the opportunity to identify an operating point (i.e., a particular
detection probability, Pd, and false alarm rate, Pfa, combina-
tion) for specified applications. Fig. 5 further plots the ratio
of the detection probability (Pd) to the false alarm rate (Pfa).
While, practically, it is of particular interest to minimize Pfa

while maximizing Pd (i.e., Pd/Pfa → ∞), the ratio estimates
in Fig. 5 show that values less than approximately 6 occur for

Fig. 4. Standard ROC curve setting MERRA-2 detections as “truth” at |∇w10|
= 0.045-m · s−1·km−1 threshold. Analysis uses all NOAA L2 wind speed
estimates from DOY 121, 2017 to DOY 366, 2020. The insert is an identical
axis-limited ROC curve.

Fig. 5. Ratio of probability of detection to probability of false alarm versus
probability of false alarm using all NOAA L2 wind speed estimates from DOY
121, 2017 to DOY 366, 2020.

this detector. Again, it should be recalled that the comparison
performed is dependent on the nature of the CYGNSS-derived
and MERRA-2-derived products.

Further analysis is provided in Fig. 6, which plots
CYGNSS/MERRA-2-detected locations for January 1, 2020, on
which a total of 36 633 clumps were formed having an average
of nine measurements per clump with a mean clump duration of
34 min 24 s. The three plots illustrated use successively relaxed
detection thresholds derived from Pfa values of 0%, 1%, and
22%, respectively. In the upper plot that uses detection thresh-
olds that ensure Pfa = 0%, a clump wind variance >13 m/s is
required for detection to be declared resulting in no detections
occurring. The middle plot having Pfa = 1% shows 5.33% of
pixels detected with probability of detection 15.69% in this
specific example. While the Pd estimates provided are based
on a per-pixel comparison basis, comparisons with MERRA-2
detections within a 100-km radius centered about CYGNSS’s
detections show an increased probability of detection on the
order of 40–50%. The more relaxed set of detection thresholds
used as in plot (c) further increases the detection probability to
39.63%.
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Fig. 6. Comparisons of CYGNSS versus MERRA-2 convective activity detection results for March 1, 2020. CYGNSS detections are in red, and MERRA-2
detections are in blue. The plots are produced using Vthresh based on false alarm rates Pfa rates of (a) 0%, (b) 1%, and (c) 22%.

As seen in Fig. 5, selecting intended false alarm rates less
than approximately 2% can achieve Pd/Pfa ratios ranging from
4 to 6, indicating a reasonable detection reliability that may be
sufficient for some applications, albeit at a modest probability of
detection. In the case studies that follow, the detector is operated
at Pfa = 1%.

B. Example: Cyclonic Activity

The genesis and development of cyclones clearly represent
regions of dynamic atmospheric change [21], [22]; the early
stages of cyclonic development are of particular interest. Fig. 7
illustrates an example for Hurricane Alberto on DOY 146, 2018,
which underwent an increase in its sustained surface winds
from 18 m/s to a peak of 28 m/s within this 24-h period. The
MERRA-2 wind speeds shown in the color scale of the left plot
along with the contours marking the boundaries within which
the MERRA-2 wind speed gradient indicated a detection suggest
the formation of the storm’s eyewall and its transition region. A
concurrently detected CYGNSS clump that includes eight wind
speed measurements (three from the CYG03 and five from the
CYG07 observatory) shows wind speeds ranging from 6.4 to
13.7 m/s over a 9-min period within this 1° by 1° grid cell.

The right plot shows the specular point locations of the clump
and includes the time in minutes for each clump measurement.
This high variability results in the clump being detected as
experiencing dynamic activity. In this case, the variability within
the clump likely corresponds to the high spatial, rather than
temporal, gradient of the winds within the region examined.

C. Example: Mediterranean Sea

The Mediterranean Sea is a region known to be associated
with various forms of cyclical atmospheric turbulence relating
to periods of increased atmospheric dynamics bringing about
heavy rain as well as the development of cyclonic systems. The
cyclical nature of these phenomena provides an opportunity to
compare results during periods known to have higher or lower
levels of atmospheric change. As an example, Fig. 8 shows that
a significantly increased number of detections occurs for both
CYGNSS and MERRA-2 on January 1, 2020 as compared to
May 1, 2020 (left and right plots, respectively). This is consistent
with the findings of previous studies [23] that show increased
dynamic activity in this region from November to February that
is decreased from March to September. The ability of the pro-
posed detection methodology to leverage CYGNSS’s sensitivity



7936 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

Fig. 7. Example of CYGNSS frontal boundary detection associated with hurricane development: Hurricane Alberto on DOY 146, 2018.

Fig. 8. Detections (CYGNSS in red, MERRA-2 in blue) in the Mediterranean
Sea. (a) January 1, 2020. (b) May 1, 2020.

Fig. 9. Monthly time series of CYGNSS detections made in the Mediterranean
Sea.

to this cyclical behavior is evidenced by the 53.13% decrease in
CYGNSS detections over the two analysis periods.

A time series of the number of clumps identified to have been
associated with convective activity, in the same region, relative
to all clumps formed (i.e., detection rate) over the three year
2018–2020 analysis period is shown in Fig. 9. The periodicity
of these events associated with increased atmospheric dynamics
is evidenced by the consistent average detection rate increase
of ≈ 6% over the months of November–January while typically
reaching its least active period over the months May–September.

V. CONCLUSION

This article extends the past work of [8] for detecting locations
experiencing dynamic atmospheric activity through the use of
CYGNSS “clump” measurements. New “dynamic” methods
for defining measurement clumps and for performing detec-
tion are described. The results indicate the potential for using
the proposed methodology to detect rapid variability on the
ocean’s surface, although comparisons with wind speed gradient
magnitude-based detections from the MERRA-2 model suggest
that CYGNSS-detections may require careful consideration of
the detection threshold to balance the probabilities of detection
and false alarm for a given application. Future work will continue
development and assessment of this approach as CYGNSS wind
speed products continue to be refined.
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