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ABSTRACT

The Cyclone Global Navigation Satellite System (CYGNSS)
measures GPS signals specularly reflected from Earth’s
surface to remotely sense ocean surface roughness and wind
speed. The mean square slope (mss) is a key physical
parameter that relates the ocean surface properties (wave
spectra) with the CYGNSS measurement of the normalized
bistatic radar cross section (NBRCS). An approach to model
the mss for validation with CYGNSS mss data was developed
by adding the contribution of a high frequency tail to the
IFREMER WAVEWATCH III (WW3) mss. It is
demonstrated that the ratio of CYGNSS mss and the modified
WW3 mss can be used to diagnose potential calibration errors
that exist in the Level 1 calibration algorithm. This approach
can help to improve CYGNSS data quality, including the
Level 1 NBRCS and Level 2 ocean surface wind speed and
roughness.
Index Terms— Calibration, CYGNSS, mean square
slope (mss), validation, WaveWatch III, wind speed
1. INTRODUCTION
The Cyclone Global Navigation Satellite System (CYGNSS)
performs bistatic scatterometer measurements to obtain
information about ocean surface roughness and winds by
measuring Delay Doppler maps (DDMs) [1]. The Level 1
calibration algorithm converts the DDMs into the normalized
bistatic radar cross section (NBRCS) of the sea surface [2].
The Level 2 retrieval algorithm uses the calibrated NBRCS
to retrieve the wind speed and to compute the mean square
slope (mss) of the sea surface.
The CYGNSS Level 1 calibration requires knowledge of
many parameters, including the transmit power and antenna
gain pattern of the GPS transmitters, the receive antenna and
receiver system gains, etc. Thus, it is of great importance to
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detect, isolate and correct any errors existing in the estimate
of those parameters to further improve the Level 1 calibration
and to provide more accurate Level 2 retrievals.
The characterization of GPS transmitters is being studied
using a GPS constellation power monitor (GCPM) system [3,
4] and the direct signal measured by the zenith channel of
CYGNSS satellites [5, 6]. The absolute calibration will
provide a relatively accurate estimate of the effective
isotropic radiated power (EIRP) of the GPS transmitter for
CYGNSS’s v3.0 algorithm (for data after August 1, 2018).
A correction to the receiver antenna gain pattern was
previously derived using anomalies in the NBRCS
observations; this correction was applied as part of the V2.1
Level 1 calibration algorithm [7]. However, it is noted that
this NBRCS anomaly is considered to be dependent only on
the wind speed and specular incidence angle, which may not
be true in all cases. It has been demonstrated that the error in
wind speeds retrieved from GNSS-Reflectometry (GNSS-R)
observations is strongly correlated with the significant wave
height (SWH) of the ocean [8]. Hence, there is a necessity to
take into account the sea state influence, especially the nonlocal swell contribution to the ocean surface roughness [9,
10].
A physics-based approach is therefore proposed in this
paper to examine potential calibration errors and to further
improve the Level 1 calibration. Rather than using the
NBRCS anomaly, this approach is based on comparison of
the sea surface mss estimated by CYGNSS and a reference
mss produced by wave models or in-situ measurements. The
baseline algorithm of calculating the reference mss is adding
the contribution of a high frequency tail to the IFREMER
WAVEWATCH III® (WW3) mss. This method enables us to
determine potential anomalies observed in CYGNSS’s mss
that can then be compared with calibration errors existing in
the NBRCS. These studies should help to further improve the
calibration quality and the accuracy of Level 2 data products,
including both mss and wind speed U10.
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2. MEAN SQUARE SLOPE MODELING
The baseline equation used for the CYGNSS Level 2 mss
𝑚𝑠𝑠 computation is
|𝑅|
𝑚𝑠𝑠
1
𝜎
where 𝑅 is the complex Fresnel coefficient for right-hand
circular incidence/left-hand circular scattering, and 𝜎 is the
CYGNSS NBRCS.
The idea is to obtain an mss product either from models
or in-situ measurements to compare with the CYGNSS mss
as a method for detecting potential calibration errors.
One resource is the IFREMER WW3 model predicted
mss. However, this WW3 implementation has a fixed cutoff
frequency at κWW3 = 2.1 rad/m in resolving the sea surface
spectrum [11], while the CYGNSS-observed mss should be
sensitive to contributions from sea waves up to the cutoff
frequency
2𝜋 𝑐𝑜𝑠 𝜃
2
𝜅
3𝜆
is the specular incidence angle and λ is the
where 𝜃
wavelength for the GPS L1 signal. The typical value of 𝜅
is from 4 to 12 rad/m.
For a typical case, swell portions of the wave spectrum
are narrower in wavenumber, have an amplitude that exceeds
that of wind generated waves in the same spectral region, and
have a peak wavenumber that resides in the low-frequency
(long-wave) region. The wind-sea portion of the spectrum in
contrast is wider in wavenumber space, but has a smaller
amplitude whose peak position is in the high-frequency
(short-wave) region [11-13].
To compare the WW3 and CYGNSS estimated mss, we
need to add the portion of wave spectrum (high-frequency
‘tail’) generated by the local wind from κWW3 to κCY.
Currently, the Elfouhaily et al. spectrum [14] is used to model
this spectrum. Three parameters are inputs to the model: the
“ground-truth” wind speed (from the ECMWF winds that
force the WW3 prediction), the specular incidence angle
(determining the cutoff frequency), and the inverse wave age
𝛺 for the wind-sea. The latter is estimated using
𝑈
2𝜋𝑈 𝑐𝑜𝑠𝜃
3
𝛺
𝑐
𝑔𝑇
where 𝜃 is the angle between wave and wind directions,
and 𝑇 is the wave period at the spectral peak for the windsea partition.
Empirical models of ocean wave spectra predict that the
inverse wave age 𝛺 of local wind seas at finite fetch can be
larger than the asymptotic value of 0.84 for infinite fetch [14].
The calculation of 𝛺 using wind speeds and wave periods
𝑇 from IFREMER WW3 data on average support this;
however, a portion of realizations yield values of 𝛺 smaller
than 0.84, which could be caused by uncontrolled swell
contribution into the partition 0 (windsea) spectrum and other
complicated factors of wind-sea interaction [9]. For those
cases, since we are not able to use the Elfouhaily et al.

spectrum to generate the local wind spectra, we remove such
cases from the datasets used to assess the calibration process.
The modified WW3 mss is calculated by taking into
account the directivity of waves [15] as
𝑚𝑠𝑠
2 𝑚𝑠𝑠
𝑚𝑠𝑠 , 𝑚𝑠𝑠 ,
, 𝑚𝑠𝑠
,
𝑚𝑠𝑠 , 𝑚𝑠𝑠
𝑚𝑠𝑠
𝑚𝑠𝑠
,
,
, 𝑐𝑜𝑠 ∆𝜃
/
𝑚𝑠𝑠
4
𝑚𝑠𝑠
, 𝑚𝑠𝑠 ,
, 𝑚𝑠𝑠 , 𝑠𝑖𝑛 ∆𝜃
where the subscript ‘WW3’ means WaveWatch III, ‘E’
means the modeled “tail” mss using the Elfouhaily et al.
spectrum, and ∆𝜃 is the difference between directions of both
the wind and the mss distribution.
3. MSS RATIO FOR CALIBRATION DIAGNOSTICS
The mss ratio (mssR) is calculated as follows:
𝑚𝑠𝑠
5
𝑚𝑠𝑠𝑅
𝑚𝑠𝑠
The dataset used is a subset of the CYGNSS v 3.0 data
from days 001 to 334 for the Year 2019. The mss ratio is
calculated for individual GPS PRN and CYGNSS Flight
Model (FM) numbers to examine the dependence on these
parameters. The ratio is also mapped to the receiver antenna
coordinate system and binned 1 by 1 degree, and the average
within each bin over the dataset is examined.
3.1 mss Ratio for Individual PRN and FM
Fig. 1 shows the mss ratio of CYGNSS FM1 with GPS
transmitter PRN11. The histogram shows that there could be
potential calibration error on the receive antenna pattern, as
patterns are observed in these plots that differ for the
starboard and port sides. The mean mssR is calculated using
a weighted average by the measurement density. Mean mssR
for starboard and port antennas are computed separately.

Fig. 1 mss ratio for FM1/PRN11

5910

Authorized licensed use limited to: C Ruf. Downloaded on April 25,2021 at 21:45:22 UTC from IEEE Xplore. Restrictions apply.

3.2 mean mssR for Individual PRN and FM
Fig. 2 shows the mean mssR of starboard and port versus GPS
for all CYGNSS flight model (FM), with differing colors
labeling distinct FM in this case. We can use them to diagnose
possible calibration issues existing in the GPS EIRP and the
gain of receiver antenna and receiver system. The differences
between the starboard and port channels can be identified
through inter-comparison of two mean mssR sets.

are computed from two independent data subsets of the entire
dataset. As shown in Fig. 3, the repeatability of the two
normalized mssR maps demonstrates that it is an engineering
calibration issue that needs to be resolved for the receiver
antenna pattern.
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Fig. 3 Normalized mssR for FM1 using 7 Block IIR PRNs.
(a) Calculated from data subset 1; (b) calculated from data
subset 2. Notice that the color scaled is symmetric about
unity, unlike Fig. 2.

Fig. 2 Mean mssR for mean mssR vs. GPS PRN for all
CYGNSS FMs. (a) starboard; (b) port.
3.3 Normalized mss Ratio for FM Using Multiple PRNs

4. DISCUSSION ON MODELING THE WAVE TAIL

The next step is to remove the bias of the individual mssR
map (normalized by its mean mssR) and then merge the
normalized maps of multiple PRNs/FM pairs by a weighted
average with the measurement density. This allows us to
calculate a correction map to the receiver antenna gain pattern.
The normalized mssR for FM1 using seven Block IIR PRNs

In this development, the Elfouhaily et al. spectrum is used to
model the high frequency tail of the spectrum. However, that
method lacks validation with in-situ measurements and also
has a limitation with respect to the wind speed and inverse
wave age.
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The CYGNSS wave-model working group is currently
investigating possibilities of developing a more accurate
model for the high-frequency tail of the spectrum and
validating the modeling using buoy measurements. The
alternate approach under consideration include the spectrum
integration method [16], the Unified Wave INterfaceCoupled Model (UWIN-CM) [17], and in-situ buoy
observations, etc. This aims to provide more accurate
matchup mss for improving CYGNSS Level 1 calibration and
also for validation of CYGNSS’s Level 2 mss product.
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An approach for using modified WaveWatch III predicted
mss to improve CYGNSS Level 1 calibration is proposed.
The reference mss is produced by adding a high frequency
tail (modeled using the Elfouhaily et al. spectrum) to the
WW3 mss. By comparing the ratio of CYGNSS measured
mss and modified WW3 mss, it has been shown that the mean
ratio has a dependence on both GPS PRNs and CYGNSS
FMs, as well as each FM’s starboard and port channels. The
normalized mss ratio map from multiple PRNs calculated
from two independent data subsets are strongly repeatable.
Therefore it should be an engineering correction factor to be
applied on the receiver antenna gain pattern. These indicate
potential calibration errors existing in the characterization of
the GPS transmitters and the CYGNSS receivers. By
correcting these errors, this approach will help to improve the
data quality of the CYGNSS Level 1 calibration and the Level
2 wind speed and mss products.
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