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Abstract—A parametric error model is developed to represent
the uncertainty in retrieval of hurricane force wind speed by a
spaceborne GNSS-R instrument. The functional form of the model
is constructed based on a bottom–up consideration of the primary
contributing sources of uncertainty. Scaling parameters in the
model are tuned in a top–down manner using a large population
of wind speed retrievals by the CYGNSS satellite, which are colo-
cated in space and time with HWRF reanalysis hurricane winds
in the North Atlantic during 2018–2022. The root-mean-squared
difference between CYGNSS and HWRF winds is found to de-
pend on a number of variables, two of which are wind speed and
receive antenna gain. The parametrized error model represents
these dependencies. The model can be used as a design tool to
predict expected performance as a function of instrument design. In
particular, the model predicts the antenna gain required to achieve
a particular level of wind speed uncertainty at a particular wind
speed. A case study is considered in which a receive antenna gain of
at least 20 dBi is found to be required to reliably distinguish between
a Category 4 and Category 5 hurricane. This has implications for
the optimal design of a future GNSS-R instrument intended for
hurricane observations.

Index Terms—CYGNSS, GNSS-R, hurricanes, science antenna,
wind sensitivity.

I. INTRODUCTION

OVER the last two decades, research utilizing reflected GPS
signals for remote sensing has demonstrated the ability

of GNSS-R to provide useful geophysical information. Several
low Earth orbiting missions have shown successful retrieval of
ocean roughness, soil moisture, sea ice extent, etc., [1], [2], [3],
[4], [5]. The interest in GNSS-R has consistently risen over
the years primarily due to its low-cost, low-powered, low-mass
systems that could lead to affordable spaceborne constellation of
such receivers that can dramatically improve the spatio-temporal
sampling of the Earth’s surface. This capability is especially use-
ful for ocean remote sensing applications in fast evolving phe-
nomena such as hurricanes. Furthermore, because GNSS-R uses
L-band GNSS signals, the observations are less affected by the
atmospheric attenuation caused by extreme weather conditions.
Therefore, they yield more robust wind estimates in hurricane
systems that are characterized by heavy rain conditions.
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To test the viability of GNSS-R from space, the U.K. Disaster
Monitoring Constellation (U.K.-DMC) platform was equipped
with a GNSS-R payload and launched into a 680 km sun-
synchronous orbit in September 2003 [6]. This was the first
successful dedicated GNSS-R demonstration from space and,
over the years, several spaceborne platforms have successfully
made GNSS-R observations from space. The complete list of
all past and upcoming GNSS-R satellite missions is given in
Table I.

To improve the utilization of spaceborne GNSS-R systems
for Earth observation and operational weather monitoring, it
is helpful to characterize the sensitivity of GNSS-R signals to
geophysical variables as a function of instrument parameters.
Sensitivity studies connect geophysical retrieval characteristics
to the design parameters of the instruments. This aids our under-
standing of the performance of existing instruments and it can
provide guidance with the design of future instruments.

In this work, we assess the sensitivity of GNSS-R measure-
ments to hurricane wind speeds specifically as a function of the
gain of the receive antenna that is used to collect the reflected
GNSS signals. It is found that the antenna gain sets a limit on the
sensitivity of GNSS-R observations to wind speed changes in
high wind conditions. This results because the forward scattered
signal strength significantly reduces with an increase in wind
speed. Table I includes the peak antenna gain of the receive
antenna used by each of the past and upcoming spaceborne
GNSS-R missions. It can be seen that they all have roughly
similar values in the range from 11 to 15 dBi. We examine what
the implications of these gain values are on the maximum wind
speed that can be measured reliably and consider what (higher)
gain is required to reliably measure higher wind speed values.

A semiempirical error model for ocean wind speed retrieval
by the CYGNSS satellites is developed. CYGNSS is a NASA
mission which uses GNSS-R to determine near-surface ocean
wind speed [7], [8], [9]. The functional form of the error model
is constructed to represent contributions by the primary sources
of error that produce the overall uncertainty in wind speed
estimates. The model includes scaling parameters to allow for
adjustments to the relative strength of the individual contribu-
tions by each error source. The values of the scaling parameters
are determined using a large population of colocated wind speed
retrievals by the CYGNSS satellite and modeled wind speed by
Hurricane Weather Research and Forecasting (HWRF) for North
Atlantic storms during 2018–2022. The root-mean-squared dif-
ference (RMSD) between CYGNSS and HWRF winds and,
in particular, the dependence of the RMSD on a number of

© 2023 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-9937-1201
https://orcid.org/0000-0002-5937-4483
mailto:rajibala@umich.edu
mailto:cruf@umich.edu


BALASUBRAMANIAM AND RUF: DEVELOPMENT AND APPLICATION OF A GNSS-R ERROR MODEL FOR HURRICANE WINDS 2337

TABLE I
LIST OF SPACE-BORNE GNSS-R MISSIONS

engineering and geophysical variables are used as constraints on
the parametric error model. These variables include instrument
calibration, sensitivity of the wind speed inversion algorithm
to measurement noise, dependence of measurement noise on
antenna gain, the wind speed at the ocean surface, and other
geophysical parameters than wind speed (e.g., long wave ocean
swell and rain). The model is effectively tuned so that it can
reproduce the dependencies that are observed. This error model
can then be used as a simulator to choose an optimal gain setting
in order to achieve a desired error limit at a given wind speed.

The rest of this article is organized as follows. Section II
gives a description of the datasets used in this analysis and
the observations derived from the CYGNSS-HWRF matchup
analysis. Section III explains the theoretical basis for the error
model. Section IV describes the tuning of the parametric error
model: uncertainty analysis of the model and a demonstration
of the use of this error model in estimating the required peak
gain for a specific application. Finally, Section V provides a
discussion on possible design considerations and its strengths
and weaknesses. Finally, Section VI concludes this article.

II. DATA DESCRIPTION

A. CYGNSS Level 2 Wind Speed Products

NASA’s CYGNSS constellation of GNSS-R satellites has
been specifically designed to measure ocean surface winds in fast
evolving phenomena, such as hurricanes. It has been observed
that the behavior of CYGNSS measurement observables varies
significantly under hurricane-like conditions when compared to
a fully developed sea. Hence, two GMFs were developed, one for
fully developed seas and the other for a young, underdeveloped
sea (e.g., in hurricanes) [10]. The Ocean Surface Winds Team
of the Center for Satellite Application and Research division of
NOAA has also developed a CYGNSS wind speed data product
that uses a unified GMF for both fully developed and young seas
[11]. Apart from this, there is also a trackwise corrected wind
speed product and a storm centric gridded wind speed product
available to the science community [12], [13]. The list of all the
available CYGNSS hurricane wind products is given in Table II.

In this work, we will be using the CYGNSS Level 2 Science Data
Record v3.1 (SDR v3.1) wind speed estimates [14] as they are
found to be more sensitive to hurricane-force winds than the
other products [15].

B. CYGNSS-HWRF Matchup Dataset

For this analysis, the SDR v3.1 release of CYGNSS Level
2 Young Seas Limited Fetch wind speed measurements over
56 major hurricanes from 2018, 2020, 2021, and 2022 are used.
The Weather Research and Forecast (WRF) system for hurricane
prediction (HWRF) is an operational model developed by the
National Centers for Environmental Prediction. HWRF provides
three domains (one parent and two nested) and is based on the
initial position of the storm and on the National Hurricane Center
forecast of the 72-h storm position. The two nested domains
move along the storm with a coverage of 24° × 24° and 7°
× 7° for the middle nest and the inner nest, respectively [16].
For our purposes, we use the inner nest gridding that offers
the finest resolution of about 0.015° (approximately 2 km). A
previous study compared HWRF reanalysis winds with several
satellite observations and found a bias of less than 1 m/s and a
standard deviation of less than 4 m/s for winds in the range of
10–60 m/s [21]. We, therefore, consider HWRF as a reliable and
high-quality ground truth reference for purposes of our study.

The CYGNSS wind speed estimates are matched to the
HWRF inner nest grid, which has a spacing of 2 km. The HWRF
winds are resampled to CYGNSS resolution and are colocated to
CYGNSS wind estimates with a maximum temporal separation
of 60 min and a maximum spatial separation of 0.25° lat and lon.
Fig. 1 shows a density scatter plot of the matched-up CYGNSS
and HWRF winds. It can be observed that the density distribution
is roughly symmetric with respect to the one-to-one line (shown
by dashed lines in Fig. 1) for wind speeds as high as ∼35 m/s.

The CYGNSS level 2 winds are filtered by several quality
measures for this analysis. Only observations with the overall
quality flag set to best quality are used. This results in a total
dataset consisting of approximately1.28 million observations in
hurricanes with 115 637 samples within the 34 knot wind radii.
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TABLE II
CYGNSS HURRICANE WIND SPEED PRODUCTS

Fig. 1. Density scatter plot of CYGNSS-HWRF matchup winds for 56 major
hurricanes from 2018, 2020, 2021, and 2022.

TABLE III
CYGNSS-HWRF MATCHUP DATASET

Table III lists the yearwise sample distribution within hurricanes
and Fig. 2 shows the distribution of storm categories in this
dataset.

Fig. 2. Distribution of storm categories in the dataset.

In this work, we use the complete dataset for developing the
parametric error model and further divide the dataset into ten
subsets each with 50% of the samples picked through uniform
random sampling. The subsets are used to derive the uncertainty
in the error model and in engineering design estimates based
on it. More details on this will be discussed in the subsequent
sections.

Fig. 3 shows the RMSD between CYGNSS retrieved wind
speeds and HWRF reference winds as a function of wind speed
and the range corrected gain (RCG). RCG is defined as the
receiver antenna gain, multiplied by the range losses, at the
specular point. The RCG represents a more complete definition
of signal gain than the antenna gain alone since it takes into
account both the effect of the receiver antenna and the effect of
the range losses. The RCG is used as a proxy for signal-to-noise
ratio (SNR), assuming that the noise floor is constant and the
variations in signal strength are due to changes in the signal gain.
The expression for translating physical antenna gain to RCG is
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Fig. 3. RMSD as a function of wind speed and RCG. The shaded region
represents the standard deviation in RMSD at different wind speeds.

given in [9]. For the sake of convenience of representation, we
have dropped the term 10−27 in the RCG values. Therefore, an
RCG of 50 would represent the number 50 × 10−27.

Another important point to note is that our analysis of the
performance of the wind speed assessment will be w.r.t. RCG
for the CYGNSS measurement geometry. Applying these results
to other orbits would require a rescaling of the antenna gain
to compensate for the change in range. The range of RCGs
available in the matchup dataset is partitioned into ten subregions
in such a way that each of the ten RCG bins has almost a similar
number of samples. This is done to avoid any inconsistency
in the results due to sample size. For the sake of visualization
here, we are depicting two RCG ranges in Fig. 3. The wind
speed range for the analysis is set between 15 and 45 m/s. This
range of wind speed is specifically chosen to characterize the
performance for high wind conditions. Below 15 m/s, the HWRF
reanalysis wind errors become significant, and above 45 m/s,
the number of matchup samples is insufficient for developing
a statistically significant error model. The figure shows the
variation of RMSD with respect to both wind speed and RCG.
The standard deviation in the RMSD as a function of wind speed
is depicted by the shaded region in the figure. The RMSD metric
is given by

RMSD (u,RCG) =

√〈
(uCYGNSS − uHWRF)

2
〉

(1)

where u is the wind speed bin and RCG is the gain bin over
which the error is evaluated, uCYGNSS is the set of CYGNSS
wind samples in the given wind and gain bins, and uHWRF is the
set of corresponding HWRF measurements. The focus of this
work is on developing an error model that can best represent
this 2-D behavior of the RMSD as a function of wind speed and
RCG.

C. Wind Speed Sensitivity

As an aid in understanding the dependence of GNSS-R signals
on antenna gain, we consider the signal sensitivity to winds as a
function of RCG. This sensitivity assessment is shown in Fig. 4.

Fig. 4. Maximum wind speed limit for CYGNSS. Maximum wind speed value
transitions from 36 to 42 m/s for a shift from very low to very high RCG.

We define the wind sensitivity limit as the maximum wind above
which CYGNSS measurements lose sensitivity to wind speed
changes. This can be represented using the following statistical
metric:

Wind sensitivity limit = abs

(
bias

RMSD

)⌋
w

. (2)

We use this metric as a qualitative figure of merit to highlight
the influence of bias on RMSD. The metric identifies how much
of the overall error is driven by bias versus by the retrieval
variance. At a particular wind speed, if the bias is the major
contributor to the RMSD, we attribute this to a diminished sen-
sitivity of the observed σ0to changes in wind speed. This occurs
when the ratio approaches unity. We selected two limiting RCG
ranges (very low and very high) to highlight the dependence on
sensitivity to wind speed. A threshold ratio of 0.6 or lower is
assumed to correspond to “significant” wind speed sensitivity
by the CYGNSS measurements. It can be observed in Fig. 4 that
the wind sensitivity limit improves from 36 m/s at very low RCG
values to 42 m/s at very high RCG values.

Another metric to evaluate the wind sensitivity limit is the
ratio of RMSD to wind speed as a function of wind speed, as
shown in Fig. 5. Two examples using data with different ranges
of RCG are shown with their standard deviation plotted as the
shaded region around them. It can be observed that the ratio
monotonically drops with increasing wind speed up to values of
30–35 m/s, indicating the upper bound of good wind sensitivity.
Above this, the ratio begins to increase, suggesting a diminished
wind speed sensitivity. Note that the increase begins at a higher
wind speed for the data with higher RCG values.

III. FUNCTIONAL FORM OF ERROR MODEL

In Section II, we observed that RMSD varies as a function of
wind speed and antenna gain. Use of RMSD can be considered a
top–down approach to characterizing retrieval uncertainty in that
it considers the overall, end-to-end performance of the retrieved
geophysical parameter, wind speed in this case, with respect to
an independent estimate (HWRF reanalysis wind) of the same
parameter. An error model can be constructed by decomposing
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Fig. 5. Observing wind sensitivity limit through the ratio of RMSD to wind
speed as a function of wind speed. The shaded region represents the standard
deviation in the ratio at different wind speeds.

the RMSD into its individual contributors. If the components are
assumed to be independent uncorrelated error sources that can
be characterized as zero mean Gaussian distributions, then the
total error can be represented as the sum of the squares of the
individual error sources [17], or

ε2u =

x∑
i=1

[εqi]
2 + ε2bias (3)

where εu represents the overall RMSD error and x represents the
total number of independent error terms. εqi are the individual
errors contributed by imperfect engineering calibration, retrieval
algorithm implementation, geophysical sensitivities, and other
effects, and εbias represents the error due to biases (i.e., nonzero
mean values of the individual errors). This method of error
decomposition into its engineering, geophysical retrieval, and
other sources is referred to as the bottom–up approach [18]. The
individual error terms can be estimated by taking the partial
derivatives of the appropriate inversion model with respect to
the parameter of interest

εqi =

∣∣∣∣ ∂I∂qi
∣∣∣∣ Δqi (4)

where I represents the inversion model that maps a particular
error source to retrieved wind speed, qi are the respective sources
of error, andΔqi are the magnitudes of the errors in each source.

A. Identifying Individual Sources of Error

As the first stage in identifying individual error sources, we
split the RMSD into its two major components, namely, error
in the normalized bistatic radar cross section (σ0) and error due
to nonwind effects. The error in σ0 folds into it all the errors
associated with unwrapping of the forward model and the error
in the empirical geophysical model function (GMF) used in
the wind retrieval algorithm to translate σ0 into equivalent near
surface wind speed. Specifically, the forward model that maps
wind speed to σ0 is given by

σ0 = GMF(u) (5)

and the wind speed retrieval algorithm is essentially an inversion
of the GMF given measurements of σ0.

The nonwind error component encompasses all others source
of errors, such as those related to the fact that there is not a
one-to-one correspondence between wind speed and σ0 (such
nonwind geophysical effects include long wave ocean swell and
rain), errors in the HWRF reference measurements, errors in
spatio-temporal colocation of CYGNSS measurements with the
reference, and other possible sources of errors. This first stage
of the error model can be represented by

ε2u = ε2u,others + ε2u,σ0
(6)

where ε2u,others represents the bias error [εbias in (3)] plus any
nonwind sources of error, and ε2u,σ0

represents errors associated
with the measurement variable σ0. As the next stage in this
error decomposition process, we break down the error in the
measurement variable into two components using the same
partial derivative approach

∂σ0

∂u

∣∣∣∣
u

=
∂GMF
∂u

∣∣∣∣
u

(7)

ε2u,σ0
=

∣∣∣∣ ∂GMF
∂u

∣∣∣∣
u

∣∣∣∣
−2

ε2σ0
. (8)

The error in wind speed due to σ0 is a composite of error in the
GMF used in the wind retrieval algorithm and the engineering
calibration equations. The error associated with the GMF can be
evaluated by taking the partial derivative of the GMF with respect
to wind speed. ε2σ0

represents error in instrument calibration and
other potential unknown error sources. As the final stage in the
error decomposition process, we break down the errors into two
major components: the error associated with antenna gain and
all other errors rolled up into another component, as given by

ε2σ0
= ε2σ0,others + ε2σ0,G

(9)

where ε2σ0,G
represents the error in σ0 associated with antenna

gain and ε2σ0,others represents all other rolled up errors in σ0. The
purpose of isolating the error associated with the magnitude
of the antenna gain is specifically for modeling the errors as a
function of antenna gain, which is the primary objective of this
work.

B. Tuning Bottom–Up Error Models With Top–Down RMSD

The overall wind speed uncertainty can be represented as the
squared sum of the individual sources of error. The RMSD is
the representation of the overall performance and is the primary
component of the top–down error. The individual error sources
shown in (6)–(9) are the components of the bottom–up error
analysis approach. The top–down approach is useful as an end-
to-end assessment of retrieval performance and, when combined
with the bottom–up assessment, can serve to empirically tune the
error model on which it is based. Combining the two approaches,
we formulate the error model as

ε2u =

∣∣∣∣ ∂GMF
∂u

∣∣∣∣
u

∣∣∣∣
−2 (

ε2σ0,others + ε2σ0,G

)
+ ε2u,others. (10)
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Fig. 6. Conceptual illustration of the dependence of RMSD on (a) wind speed
(u) for different values of RCG (G), and (b) on G for different values of u.

Equation (10) is the theoretical error model developed for
CYGNSS measurements of ocean surface wind speed. In the
next section, the various components of this error model are
parametrically tuned to the empirical behavior of the observed
RMSD.

IV. PARAMETRIC ERROR MODEL

As shown in (10), the theoretical error model has five major
components. εu is the RMSD error between CYGNSS and
HWRF winds, which is a known parameter; ∂GMF

∂u |
u

is the slope
of the GMF at any given wind speed u, which is a known
parameter; εσ0,others is the error in σ0 due instrument calibration
uncertainties, uncertainties in unwrapping the forward model
and other rolled up sources of unknown engineering errors,
which is an unknown parameter; εσ0,G is the error in σ0 due to
the error in antenna gain estimation, which is also an unknown
quantity; finally, εu, others accounts for nonwind geophysical
effects, error in reference winds, error in spatio-temporal co-
location of the matchup, and other rolled up unknown sources of
error, which is also an unknown parameter in the error equation.
The purpose of the parametric model is to estimate each of these
major error components using the available RMSD observations.
The following sections derive empirical expressions for each of
these error components.

As wind speed increases, the strength of forward scattered
power decreases, resulting in reduced GNSS-R sensitivity to
changes in wind speed and increased sensitivity to noise and
errors in calibration of σ0. This is consistent with the observed
increase in RMSD with increasing wind speed. RMSD also
varies inversely with RCG. RCG directly affects the strength
of the reflected signal received from the Earth surface, whereas
the level of additive noise generated by a radar receiver is
independent of the reflected signal strength. As a result, as
RCG decreases, SNR decreases and RMSD increases. These
two fundamental dependencies are illustrated conceptually in
Fig. 6, which qualitatively describes the expected variation in
RMSD as a function of wind speed and RCG.

In order to quantify the expected dependence of RMSD on
wind speed and RCG in the measurements, we first segment
the measurements into distinct RCG and wind speed bins. In
total, ten different RCG bins are chosen such that each bin
contains approximately 10% of the samples. This is done in
order to maintain statistical significance of the error model over
the operating range of RCG and wind speed values. Fig. 7 is

Fig. 7. RMSD as a function of wind speed for different partitions of RCG.

Fig. 8. RMSD as a function of RCG for different partitions of wind speed.

a plot of RMSD on the y-axis and HWRF wind speed on the
x-axis and the different colors represent the ten different RCG
bins with reddish hue associated with the lowest RCG ranges
and bluish hue associated with the highest RCG ranges. It can
be observed from this plot that the RMSD behavior is consistent
with the expected dependence shown in Fig. 6(a). Next, the
RMSD is plotted as a function of RCG in Fig. 8, with the different
curves representing different wind speed ranges. The behavior of
RMSD is again consistent with the expected dependence plotted
in Fig. 6(b).

The error model shown in (10) can be expressed as a para-
metric version given by

ε2u = a+

∣∣∣∣ ∂GMF
∂u

∣∣∣∣
u

∣∣∣∣
−2

(b+ F (G)) (11)

where the parameter a is a constant bias that represents ε2u,others.
It is referred to as a constant bias in the sense that it is not a
function of either wind speed or gain. Next, the parameter b is
also a constant bias that represents the error component ε2σ0,others.
The third and the final component of the parametric error model
is F (G), which represents the error component due to antenna
gain, ε2σ0,G

. Values for the three components, a, b, and F (G)
are empirically derived from observed RMSD behavior, as de-
scribed in the upcoming sections.
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Fig. 9. Square of RMSD due to nonwind effects at very low wind speeds and
high RCG values. Each curve corresponds to a different range of RCG, covering
the range from 0–16(most red) to 158–200 (most blue).

A. Error Component Due to Nonwind Geophysical Effects

The first error component that needs to be deduced from the
observed RMSD is the parameter “a” in (11). This component
accounts for errors due to other geophysical effects, such as swell
or rain, error in the reference winds, and errors associated with
inexact colocation between the measured and reference wind
speeds. The parameter “a” also accounts for the effect of biases
in the other error components. Since all these error sources are
assumed independent of wind speed or RCG, this parameter is
considered a constant term in the error model.

We estimate the “a” term in the model by considering only
RMSD values in very low wind conditions and at very high RCG
values. Since RMSD increases with wind speed and decreases
with RCG, this combination of conditions will tend to reduce
the dependence of RMSD on either wind speed or RCG and the
residual RMSD that still remains is assigned to “a.” Specifically,
we examine the RMSD value using only samples with wind
speed < 5 m/s and considering only the highest RCG values.
Fig. 9 shows the behavior of the RMSD versus wind speed
partitioned by RCG. The deep blue curve represents the highest
RCG values and they converge to ∼6.7 m/s2 at the lowest wind
speed values. This is the value assigned to the “a” term in the
error model.

B. Residual Error Estimation

Once the bias error due to nonwind/nongain effects is esti-
mated, the other components of the parametric error model can
be determined by considering the residual. The residual error is
defined by rewriting (11) as

ε2u − a∣∣ ∂GMF
∂u

∣∣
u

∣∣−2 = (b+ F (G)) (12)

where the left-hand side of the expression consists of εu, a,
and |∂GMF

∂u |
u
|, which are all known. This is referred to as the

residual error and is independent of the effects of wind and other
geophysical effects. It is illustrated by plotting the residual error
with respect to wind speed, as shown in Fig. 10. It can be seen that
the residual error curves have a near-zero slope across the entire

Fig. 10. Residual error after removing the effects of bias and GMF.

Fig. 11. Estimating the error due to antenna gain.

wind speed range indicating that the geophysical components of
error have been properly accounted for in the error model.

This residual error now represents only the engineering cali-
bration errors and the error due to antenna gain, as given by the
right-hand side of (12). An empirical power series model is fit
to the residual error as a function of RCG. The power series fit
has the form

Residual error = (b+ F (G)) = b+ p1(G)p2 . (13)

The model parameters b, p1, and p2 can be estimated from the
measurements by least squares regression. A plot of the residual
error as a function of RCG and the corresponding model fit is
shown in Fig. 11. Based on this model, the parameter b is found
to be 0.1039 and the error component due to antenna gain is
given by

F (G) = (−0.003613) (G)0.4609. (14)

This completes the construction of all components of the error
model. The final, full parametric model is given by

ε2u=6.7+

∣∣∣∣ ∂GMF

∂u

∣∣∣∣
u

∣∣∣∣
−2 (

0.1039+(−0.003613) (G)0.4609
)
.

(15)
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Fig. 12. Error model versus observation.

The behavior of the parametric error model as a function of
wind speed and RCG is compared with that of the observed
RMSD in Fig. 12. The solid lines represent the measurements
and the dotted lines represent the model. From Fig. 12, it can
be seen that the model does a fair job of representing the
measurements in the wind speed range 15–45 m/s and also
follows the expected trend of dependence on wind speed and
RCG, as discussed in Fig. 6. We note that there is some deviation
of the error model from the observations at the low wind speed
(<15 m/s) and high wind speed (>40 m/s) ranges. This may be
due to other error components not properly accounted for in this
model.

C. Uncertainty Analysis

The residual uncertainty in the derived error model given by
(15) is assessed here. Model uncertainty can be deconstructed
into two primary source: intrinsic and extrinsic. Intrinsic un-
certainties are associated with uncertainties in the estimated
empirical parameters of the model. These uncertainties are eval-
uated by performing a simplified N-subset analysis. The total
dataset used to derive the parameters is divided into N-subsets
(N = 10 in this case). Each subset consists of 50% of the
samples from the original dataset selected using uniform random
sampling. Each of these subsets is then used to estimate the
empirical parameters of the model. The intrinsic uncertainty in
each estimated parameter is defined as the standard deviation
of the ten estimated parameter values. These uncertainties are
listed in Table IV. The ten simulation runs of the model are then
used to determine the overall intrinsic uncertainty of the model.
This is shown in Fig. 13. From the error surface in Fig. 13, it
is observed that the maximum intrinsic error is about 0.45 m/s
and the mean intrinsic error is about 0.12 m/s in the wind speed
range of 15–45 m/s. The extrinsic uncertainty is determined by
considering the absolute difference between the model and the
observed RMSD at different wind and RCG values, as given by

Extrn. Uncert. = abs (RMSDobs − RMSDmodel) (16)

TABLE IV
ESTIMATED MODEL PARAMETER VALUES

Fig. 13. Intrinsic uncertainty in the parametric error model as a function of
wind speed and RCG.

where RMSDobs is the empirical RMSD between CYGNSS
and HWRF, and RMSDmodel is the RMSD estimated using the
parametric model given by (15). The extrinsic uncertainty error
surface is plotted in Fig. 14 over a range of values of wind
speed and RCG. The average extrinsic uncertainty in the model,
spanning the entire wind speed and RCG range, is ∼0.9 m/s and
the median uncertainty is ∼0.7 m/s. The extrinsic uncertainty
is highest at low RCG and high wind speed values. This may
be due to erroneous assumptions about the dominant sources of
error in this operating regime. Notably, however, the error model
performs well with high RCG values and high wind speeds. This
is the operating regime that is most relevant to the question of
how much the high retrieval performance would be improved by
using a bigger (higher gain) antenna.

In summary, intrinsic uncertainty characterizes how well we
know the model and extrinsic uncertainty characterizes how
well the model fits the observations. These two uncertainties
are combined in a sum of squares fashion to derive the total
uncertainty in the model. The total uncertainty is shown in
Fig. 15. Note that the total uncertainty does not have a strong
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Fig. 14. Extrinsic uncertainty in the parametric error model as a function of
wind speed and RCG.

Fig. 15. Total uncertainty in the parametric error model as a function of wind
speed and RCG.

dependence on either wind speed or RCG. It is, however, domi-
nated by extrinsic uncertainties as their magnitudes are an order
of magnitude greater than the intrinsic uncertainties. The mean
total uncertainty is ∼0.96 m/s and the median is 0.67 m/s. The
highest value of the uncertainty occurs at the highest wind speed
and lowest RCG values.

D. Antenna Gain Estimation for Hurricane Force Winds

Parametric error models can provide guidance in the design
of future missions. In the specific example developed here, the
model can be used to determine the minimum science antenna
gain needed to achieve a particular RMSD for wind speed
retrieval.

As an example, for a future mission design study, we use the
error model to determine the minimum antenna gain needed to
distinguish a Category 4 hurricane from a Category 5. According

Fig. 16. Wind speed GMF and its slope (dσ0/du) as a function of wind speed
for a typical 30° angle of incidence.

to the Saffir–Simpson scale, a Category 4 hurricane is defined by
a maximum sustained wind speed (Vmax) in the range 58.1–69.7
m/s and a Category 5 hurricane is defined when Vmax is greater
than 70 m/s. Therefore, a simplistic approach to differentiate
a measurement of Cat 4 wind from a Cat 5 wind is to have a
maximum RMSD in the retrieval of ∼12 m/s. Evaluation of (15)
requires the knowledge of the slope of the GMF with respect to
wind speed. Both the GMF and its slope are shown in Fig. 16
as a function of wind speed for a typical observing angle of
incidence of 30° [19].

Let the wind speed of interest be 64 m/s (the midpoint of
the Category 4 range). From Fig. 16, the slope of the GMF
at this wind speed is ∼0.016 m/s−1. Solving (15) for the
value of antenna gain at which the RMSD equals 12 m/s at
a wind speed of 64 m/s results in a gain value of 20.5 dBi.
The calculation is done for a typical CYGNSS incidence angle
of 30°, and for this incidence angle, the GPS satellite range
is approximately 2.3 × 104 km and the CYGNSS range is
approximately 588.9 km. The uncertainty in the RMSD at this
value of RCG and windspeed is +/− 1 m/s. This introduces an
uncertainty into the determination of the required antenna gain.
The uncertainty of +/−1 m/s in the error model corresponds to
a range for the required antenna gain of 19.6 to 21.3 dBi. The
effective area required to realize this gain value is approximately
0.6 m × 0.6 m. The current CYGNSS science antenna is a 3 × 2
patch array with an approximate effective area of 0.3 m× 0.3 m.
This implies that an antenna 4 times the current size would be
needed to achieve this goal (equivalently a 6 × 4 patch array).

V. DISCUSSIONS

The motivation for developing a parametric error model for
CYGNSS is to characterize the limitations of the existing system
and to develop the necessary tools for translating the geophysical
retrieval performance to engineering parameter requirements.
This work has specifically focused on hurricane winds with an
interest in identifying a suitable science antenna requirement that
can capture such high winds. Although we have tried to model
as many primary sources of errors as possible, due to the limited
number of observations in the hurricanes, several assumptions
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have been made. For instance, assuming a constant bias to rep-
resent the nonwind geophysical effects, such as rain and swell,
might not be a good representation as each of these is known to
have a wind speed dependence. Although the CYGNSS Level 2
retrievals are corrected for the effect of swell and are assumed
to be free of rain contaminations, such effects can have a second
order influence on the observations. These could possibly be a
reason for the increase in residual error in the error model at low
and high wind speeds (as observed in Fig. 10). Nonetheless, the
residual error slope is close to zero through most of the wind
speed range of our analysis.

Another interesting consideration is the influence of the mag-
nitude of the antenna gain on the antenna gain uncertainty. These
two factors are highly anticorrelated. A high gain magnitude will
have lower gain uncertainty and vice versa. These two effects
cannot be separated apart from the available information and,
hence, get rolled into a single error component.

Many assumptions have been made while developing a para-
metric error model to best represent the observations. The error
model developed in this work is intended to be used as a guide for
future GNSS-R mission planning. Based on this error model, the
minimum antenna gain required to distinguish a Cat 4 magnitude
wind from a Cat 5 wind is found to be at 20.5+/− 0.9 dBi. As
seen in the previous section, this would mean a single aperture
antenna that is 4 times the size of the current CYGNSS antenna.
A single higher gain antenna would have a narrower beamwidth
and a narrower field of view for specular point reflections,
resulting in a possible reduction in the number of reflections
captured. There are several antenna design choices to mitigate
this. One is the use of an active beam-forming antenna. This
introduces a tradeoff between fewer reflections and a more
complex, higher risk antenna with higher a power requirement.
A second mitigation approach is the use of fixed multibeam
antennas.

Past, current, and planned future missions use antennas with
peak gain in the range of 11–15 dBi. This study shows that
this range is insufficient for reliably distinguishing hurricane
force winds in major storms. Although this study has focused on
tuning the error model to the antenna gain, such error models can
be developed from observations, for tuning different engineering
parameters to suit the geophysical variable of interest measured
from GNSS-R systems. This kind of sensitivity study of retrieval
characteristics with respect to engineering parameters can be a
useful tool for planning of future instrument requirements to
meet new geophysical measurement objectives.

VI. CONCLUSION

A parametric error model for the CYGNSS retrieval of hurri-
cane force winds is presented. This model is constructed based
on near coincident matchups with the HWRF reanalysis winds
from 56 hurricanes over a period of four years. The model is
developed by combining a top–down empirical parameterization
with a bottom–up error model functional form that includes an
explicit dependence on receive antenna gain. The RMSD of
CYGNSS retrieved winds relative to HWRF reference winds
is due to the compounding effects of several error components

such as those due to nonwind geophysical effects (swell, rain,
etc.), error in colocation between CYGNSS and HWRF, error in
instrument calibration, and other engineering calibration errors.
The different error components have been parametrically mod-
eled based on observations. This error model fairly replicates
the dependence of actual observations on wind speed and RCG
in the wind speed range 15–45 m/s. The average uncertainty
in the model is ∼0.9 m/s over the entire range and the median
uncertainty is ∼0.7 m/s. There are some regions in the wind
speed/RCG space where the error model performs significantly
more poorly, specifically at combinations of high wind speeds
and low RCG values. This could be attributed to erroneous
assumptions about the dominant sources of error in this measure-
ment regime. It may also be due to the sparsity of observations
in this regime. A simple example of estimation of minimum
antenna gain required to distinguish Cat 4 hurricane winds from
Cat 5 hurricane winds was evaluated using the developed model.
It was found that at least 20.5 +/−0.9 dBi of gain is required
for this application, which translates to an effective area that
is 4 times that of the current science antenna on the CYGNSS
observatories. Most/all the current and the upcoming spaceborne
GNSS-R missions have antennas much lower than this expected
value indicating that they might not have the ability to capture
such high winds.
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