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The comparison of SWH from ocean wave spectra and nadir beam
of SWIM
By
TANOH LEANDRE AMIAN
School Of Marine Science, NUIST, Nanjing 210044, China

Abstract: The surface wave investigation and monitoring (SWIM) will be one of the two
payload instruments carried by China France Oceanography Satellite (CFOSAT) with a
planned launch date in mid-2018. SWIM has six beams rotating around the vertical axis
at incidence angles 0,2,4,6,8,10 degree. With nadir-beam, the SWH and wind speed can be
detected as the same principle as an altimeter. At the same time, the ocean wave spectrum
beams can also Catch the significant wave height (SWH). To find which SWH is more
stable and accurate, first, the thesis presents an overview of SWH detection from a satellite.
Then the principles of SWH detected from the altimeter, and the spectra beams of SWIM
are reviewed. Finally, the comparison of SWH from ocean wave spectra beam and nadir
beam of SWIM is performed according to the simulated data. The results show that the
SWH from nadir beam is more accurate and stable than from spectra beam.

Key words： SWH, SWIM, Ocean Wave Spectrum

1 Preface
1.1 The purpose and significance
Waves on the surface of the ocean are critical parameters affecting marine meteorology, ocean
dynamics, sea-air exchange and marine resources, pollution, global economy and security
(navigation, fisheries, marine structures, ports, tourism) and coastal environment (precipitation,
pollution). Due to the synoptic scale of the process of controlling these parameters, it is
necessary to constantly monitor it on a global scale so that not only operational oceanography
can be implemented, but also the modelling and better understanding of the sea-air coupling
system can be improved. The Global Ocean Observing System’s international team identified
ocean state parameters as the basic variable for reliable climate monitoring. They also pointed
out that in addition to the effective wave height (SWH), the possibility of measuring wave
parameters globally is very small.
The Chinese and French Space Agencies have agreed to jointly develop an innovative
mission, referred to as China France Oceanography Satellite (CFOSAT). France provides the
wave Ku-Band scatterometer. SWIM is a real aperture radar. It illuminates the surface
sequentially with 6 incidence angles: 0°， 2°， 4°，6°，8° and 10°. To acquire data in all
azimuth orientations, the antenna is rotating at a speed rate of 5.6rpm. The six beams enable to
measure several geophysical parameters, nadir beam (0°) can derive SWH and surface wind over
sea surfaces, similarly as an altimeter, while 6°，8°and 10° beams can detect 2D surface ocean
wave spectra (SWH can also be acquired by the spectra).
The purpose and the significance it is to find the difference between SWH (significant wave
height) according to the two retrieval principles, then validate them to see the gap and finally
choose the more accurate one. This study is important to get some knowledge on sea wave
spectrum remote sensing.
1.2

Overseas and Domestic Research Status

Known as CFOSAT (Chinese France Oceanography satellite), it’s dedicated to ocean wind
wave observation. It aims at monitoring at the global scale the wind, the waves at the ocean
surface. It will improve the wind and wave prediction as well as modelling of the sea-surface
process (coastal process, sea-ice properties, the role of the wave in the atmosphere and ocean…).
Unlike existing missions, CFOSAT will innovate by contributing more comprehensive
information related to ocean wave (wind-wave interactions, wave-currents interactions, wave
impact on sea-ice, air-sea fluxes, wave climate.) In this research, we will focus on one of the two
payloads launched by CFOSAT, SWIM.
Surface wave investigation to observe the wind and waves from space, a joint mission
between France and China was and monitoring (SWIM), designated and built by France is a
wave scatterometer, Ku-Band radar (13.5 GHz) operated at the near-nadir incidence. According
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to the scientific requirements SWIM can:
-measure the directional wave spectrum at the global scale with 70*70km spatial resolution
- the wavelength can be measured: at the height of –[70-500m]
-with a variation of backscattering coefficient from 0 to 10-degree incidence with a good
accuracy <1dB
-also, the sea surface parameters to be obtained are: the significant wave height, wind speed,
the directional wave spectrum over scale approximately 70*70km, a radial wave spectrum every
15degree in azimuth and the mean square slope of short wave and others parameters of slop.
It has been designed with a real aperture azimuth scanning geometry to determine the
directional spectra of an ocean wave. However, there are two sources of the retrieval principles
of SWH (significant wave height), by nadir beam and near-nadir beam.
The research on Ocean Wave is an important topic in physical oceanography, and the
significant wave (SWH) as recommended by the scientific is an important parameter of an ocean
wave observation. SWH is commonly defined as the mean wave height of the highest third of
the waves. With SWIM instrument there two sources of the retrieval principle of SWH
(significant wave height). The method by nadir beam consist at the extraction of geophysical
parameters from the nadir echo waveform and then the second method by spectra beams, the
geophysical products is given by the measurement of the 2D wave spectrum (wave height, wave
slope density spectrum of as a function of the 2D wave number vector k).

1.3 The research content of this paper
The thesis has been divided into four sections which make up the research.
(1) The first part mainly introduces the reason for the research purpose and its significance.
It briefly describes the advantages of surface wave investigation and monitoring, and also the
Significant wave height which is obtained by two methods.
(2) The second part introduces the SWH from ECMWF and how the parameter is obtained.
We also talk about the principles of obtaining SWH from altimeters. We end this part by
introducing a basic theory of SWIM, including its mechanism, the sea wave spectra retrieval
algorithm and introduce how to get SWH from the spectra beam. After understanding the
relevant background of SWIM and the principles of the different methods to obtain SWH, we
will discuss the results of the data in the next part.
(3) The third part is about the main data comparison. We analyse and compare the data of
the significant wave height from nadir beam, ECMWF and from spectra beams. The result of this
comparison will help us to find the most accurate one.
(4) The last part is the conclusion and prospect of this thesis, which summarises the content
of this paper, including the insufficiency and deficiencies of the results, the determination of the
next research and the prospect of the follow-up work.
2

2. SWIM data introduction
2.1 SWH from nadir beam
SWH is defined as the average height of the peak of one-third of the surface ocean waves. It is
considered the most important altimeter product in wave prediction. SWH is used for data
assimilation processes, to improve model analysis and forecast. As such, the verification and
monitoring of SWH is a very important task.
Use the same method as the standard altimeter task (echo simulation and retracking
algorithm, [1]) Assessing the performance of SWH and wind speed estimation, these estimates
are derived from bottom spot beam. Through simulation, it is shown that the performance meets
the requirements and is similar to the nearest altimeter (Hs is within 10% or 0.5 m, whichever is
greater, the wind speed error is less than 2 m/s).
As with the case of satellite altimeter missions, the words “nadir signal retracking” implies
the extraction of geophysical parameters from the nadir echo waveform, but in SWIM no
information is provided on the epoch or height because CFOSAT is not an altimeter mission. The
method by nadir beam consists of the extraction of geophysical parameters from the nadir echo
waveform, four parameters are very important: amplitude, epoch, sigma composite, mean square
slope. The parameters are similar to those in altimeter mission products. But for CFOSAT,
depending on the options chosen for the 2D wave spectrum retrieval, they can also be used as
constraints in the 2D wave spectrum inversion. Also, the properties of the waveform are also
analysed to provide a rain flag, the normalised radar cross-section and some parameters
specifically defined for continental applications.
Waveform model fitting

The basis of the retracking is to produce a model waveform which matches with the signal
received by the instrument. The model is based on a formulation of the Brown echo model,
which considers 4 parameters: amplitude (Pu), epoch, sigma composite, mean square slope
(MSS).
When the signal is on its way to and back from the ocean surface, there is usually no
received signal at this time. However, a sharp jump, referred here as the “leading edge,” occurs
in the received power as most of the signal arrives back within a short period of time. When the
signal is reflected on the flat surface, the jump will be instantaneous. But, the existence of the
ocean waves would cause the inclination of the leading edge. The higher the SWH is, the steeper
(or, the smaller the slope of) the leading edge.
This relation between the slope of the leading waveform edge and the SWH is applied in the
derivation of the altimetry SWH products. The products of ocean parameters that can be
estimated from the altimeter echoes, i.e. the range between the satellite and the observed surface
is a function of the time (epoch) when the amplitude of the received signal is up to half of the
maximum amplitude in the leading edge. Here, the significant wave height is deduced from the
slope of the leading edge.
3

Figure 2: Simplified view of nadir extraction of geophysical parameters [7]

Geophysical parameter estimation from the parametric model

Fig.3: Signature of ocean parameters which can be estimated from the altimeter echo (adapted from by
Detlef Stammer (Editor), Anny Cazenave 2017)

When the fitting between the model and measurements has been done, in each of the cycle,
the two geophysical parameters SWH and backscatter a coefficient can be estimated from the
parametric model:
𝜎𝑐2 = 𝜎𝑠2 + 𝜎𝑝2
𝜎𝑠 =

𝑆𝑊𝐻
2∗𝑐

𝑆𝑊𝐻 = 2𝐶√𝜎𝐶2 − 𝜎𝑃2

𝜎𝐶 the sigma composite and 𝜎𝑝 the point target response width.vg
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(Eq. 1)
(Eq. 2)
(Eq. 3)

Fig.4 SWH from nadir beam of simulated SWIM data

2.2 SWH from spectra beams
An end-to-end instrument software simulator, Simu SWIM, was developed to verify the
design of the instrument and prepared the processing algorithm. This is an updated and expanded
version of the simulator previously developed by Hauser et al. [2], used to determine the size of
the initial version of the system. The simulator includes a direct analogue module (surface to
instrument signal) based on the prototype of the ground segment and an inversion module that
includes all steps for inversion of real products.
The direct module simulates the sea surface backscattered radar signal by describing its
height and slope in two-dimensional locations. The sea surface topography can be digitally
generated using a predefined spectrum specified by an empirical formula, an output of a wave
forecast model, or data from on-site measurements. The characteristics of the instrument and the
measurement system were taken into account, and the beam trajectory and distance gate was
calculated on the sea surface. For six beams, the average backscattered power uses a geometric
optical backscattering model [3], and the Gaussian probability density function is calculated to
represent the slope of the wave, the mean square slope has an empirical dependence on the wind
speed [4].
The principle of the instrument is based fact that at low incidence angle (around 8°-10°), the
normalized radar cross-section is affected by the local slopes associated with the tilt of the long
waves but not affected by small-scale friction due to wind and hydrodynamic modulations
resulting from the mixing of short waves and long waves.
For every azimuth direction φ of the antenna, the mean sea surface positions may be
represented by their horizontal local coordinates x and y, where x is the horizontal distance along
the direction the antenna points, and y is along the direction of azimuth. The primary backscatter
cross-section σ is given by σ=𝝈𝟎 𝑨 , where A is the area that lies within a radar range gate. The
presence of long waves gives rise to a tilt modulation of 𝜎 given by:
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𝜹𝝈(𝒙, 𝒚) = 𝝈(𝒙, 𝒚) − 𝝈
̅ (𝒙, 𝒚)

(Eq.4)

Where 𝝈
̅ (𝒙, 𝒚) is the mean surface radar cross-section which would occur if lara ge-scale
wave were not a factor.
The fractional variation of the normalised radar cross-section along the direction of
propagation of the waves writes:
𝜹𝝈
𝝈

≅ (𝒄𝒐𝒕𝜽 −

𝝏 𝐥𝐧 𝝈𝟎
𝝏𝜽

)

𝝏𝝃
𝝏𝒙

(Eq. 5)

𝝏𝝃
Where 𝝏𝒙
is the local slope of the surface in the wave propagation direction. Using real
aperture radar, the lateral average of the partial modulation m(r, φ) of the cross section seen by
the radar
𝛿𝜎(𝑟,𝜑)

𝑚(𝑟, 𝜙) =

2 (𝑟,𝜑)
𝑑𝜑
∫ 𝐺𝑎𝑧
𝜎(𝑟,𝜑)
2 (𝑟,𝜑)𝑑𝜑
∫ 𝐺𝑎𝑧

(Eq. 6)

Where G_az is the beam azimuth antenna gain, σ is the backscatter coefficient, r is the
radial distance, θ is the incident angle, and φ is the azimuth direction. Sea level and radar signals
simulate long-wave generated signal modulation. Simulated radar echoes include the effects of
spot-induced interference and thermal noise

Fig6: swim instrument, (adapted from Hauser sept 2007)
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Fig.7: a principle for estimating wave spectrum (adapted from Hauser sept 2007)

With a real-aperture radar, the fractional modulation m(r, 𝜙) of the cross-section recorded
by the radar is averaged laterally across the beam and the sea wave polar-symmetric height
spectrum F(k, 𝜙) is then derived from the density spectrum of modulation 𝑃𝑚 (k, 𝜙)
̅ 𝒌𝟐 𝑭(𝒌, 𝝓)
𝑷𝒎 (k, 𝝓)= =𝜶

(Eq.7)

where m(x, 𝜙 ) is for each radar azimuth direction, 𝜙 , the signal modulation m(r, 𝜙 )
projected on the surface, and the angle bracket denotes ensemble average.
But in a real situation, the signal is affected by speckle and thermal noises which are
additive in the Fourier domain. To accurately collect the wave spectra from the signal
fluctuations, the effect of these noises must be reduced. The effect of thermal noise is reduced by
specifying an appropriate Signal to Noise Ratio (SNR). A large bandwidth for the transmitted
pulse is often used to reduce the effect of speckle noise. But this speckle reduction techniques are
limited because the high range and temporal resolutions are necessary to retrieve the wave
spectra. As such, the speckle must be subtracted in the spectral domain where the signal
fluctuation spectrum can be expressed as
𝑷𝜹𝝈𝟎 (k, 𝝓)=𝜹(𝒌) + 𝑹(𝒌) 𝑷𝒎 (k, 𝝓)+

𝟏

𝑵𝒊𝒏𝒅

𝑷𝒔𝒑 (𝒌) +

𝟏
𝑵𝒊𝒏𝒅

𝑷𝒕𝒉 (𝒌)

(Eq. 8)

where 𝑃𝛿𝝈𝟎 is the density spectrum of the signal fluctuations, 𝑃𝑠𝑝 and 𝑃𝑡ℎ are known as the
density spectrum of the signal fluctuations due to speckle spectrum, and thermal noise
respectively, 𝛿(𝑘) the Dirac function, R(k) the density spectrum of the impulse response and
Nind is the number of independent samples used in the signal estimation. For a Gaussian shape
for the transmitted pulse, Jackson et al showed that the spectrum of the speckle can be expressed
as:
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𝑷𝒔𝒑 =

𝟏
√𝟐𝝅𝑵𝒊𝒏𝒅 𝑲𝑷

𝒆

𝑲𝟐
𝟐𝑲𝟐
𝒑

−

(Eq.9)

where Kp is related to the intrinsic resolution of the radar dr, projected on the surface:
𝑲𝒑 =

𝟐√𝐥𝐧 𝟐 𝐬𝐢𝐧 𝜽

(Eq. 10)

𝒅𝒓

One of the problems encountered in estimating unbiased wave energy from the signal
modulations is the speckle noise effect. The energy of the speckle noise effect is inversely
proportional to the number of independent samples that are in the radar signal. These
independent samples rely both on radar characteristics and on coherence time of scatters.
Although uncertainty does not prevent the spreading of energy in wavenumber and direction, it
could affect the estimation of density spectrum energy.
SWIM telemetry data at 00
40 60 80 𝑎𝑛𝑑 100

Calibrated and geocoded waveform

Wave products

-Modulation spectrum
-Directional wave spectra
-2D wave spectra
-Geophysical parameters

Fig5: A simple overview of wave spectra processing

Spectra beams are the second method that can be applied, the geophysical products are
gotten from the measurement of the 2D wave spectrum (wave height, wave slope density
spectrum ) as a function of the 2D wave number vector K. The total energy of the wave height
spectrum is measured by the significant wave height. Where wave number is given by k, the
azimuth direction by 𝜙 ,t he 2D wave height spectrum is given as (k, 𝜙). The normalized radar
cross section is affected by the local slope of sea surface near nadir incidence but unaffected by
small scale frictional effect due to withe and. The sensitive coefficient 𝛼 is connect to the mean
trend of the backscattering as a function of incidence angle.
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SWIM functions as a measurement for the 2D wave spectrum, i.e. it expresses the density
spectrum of wave heights or waves slopes as the dependence of the 2D wavenumber vector k
(given here in polar coordinates (k, φ). In polar coordinates the relationship between the wave
slope spectrum E (k, 𝝓) and the wave height spectrum F (k, 𝝓) given by the equation below
𝑬(𝒌, 𝝓) = 𝒌𝟐 𝑭(𝒌, 𝝓)

(Eq.11)

the large wave height Hs by the total energy in waves is often characterised by
𝐇𝐬 = 𝟒√∬ 𝐄(𝐤, 𝛟)𝐤𝐝𝐤𝐝𝛟

(Eq. 12)

To prepare the ground data processing, French simulated the SWIM data by ECMWF sea
wave spectra. During application, the SWH from the two sources is not the same. The difference
and which one is more credible should be determined.

Fig. 8 SWH from spectra beams

2.3 SWH from ECMWF
The European Centre for the Medium-Range Weather Forecast (ECMWF) is an independent
intergovernmental organisation. ECMWF was established in 1975, in recognition of the need to
pool the scientific and technical resources of Europe's meteorological services and institutions
for the production of weather forecasts.
A routine comparison of wave forecast data from different models was first informally
established in 1995. They were intended to provide a mechanism for assessing the quality of
operational wave forecast model output. The comparisons were based on an exchange of model
analysis and forecast data at the locations of in-situ observations of significant wave height,
wave period and wind speed and direction available via the Global Telecommunication System
(GTS). Five European and North American institutions routinely running wave forecast models
9

contributed to that exchange [5].
In June 1998, the Ensemble Prediction System (EPS) at the European Centre for MediumRange Weather Forecasts (ECMWF) was coupled to the ocean wave model. From then on, daily
ensemble wave forecasts have been available.
The processors require some meteorological variables which come from the outputs of the
ECMWF weather forecast model. The aim of using this processor is to project ECMWF input on
the SWIM product grid (macro-cycles and cycles) through the establishment of a spatiotemporal
colocation. In the meantime, the processor also computes the atmospheric attenuation utilising
the total column liquid and water vapour contents from ECMWF data.
The processor can run on either an operational mode or a reanalysis model. The operational
mode employs ECMWF forecasts as an input data to have a prediction of the state of the sea and
the atmosphere that related to SWIM acquisitions. The reanalysis mode makes use of ECMWF
reanalysis data as an input and produces a better assessment. In operational mode,3 hours
forecasts are used as inputs. They are available every 3 hours and are run from two model
networks (“0h” and “12h”) whose outputs are made available at 6h UTC and 18h UTC
respectively.
The processing output containing all geophysical quantities required for the next levels is
produced. It must be of the dimensions as that used throughout the processing chain (macrocycles/cycles).
Significant wave height interpolated from the ECMWF data at the (latitude, longitude)
coordinates of the centre of the swath of each beam for each cycle. The interpolation is also
made in time.
There are two kinds of processing for each variable extracted from the ECMWF files:
1.

Determination of the value at the centre of each incidence beam swath (for each cycle).
The original ECMWF data are gridded on an N1280 grid. The values are interpolated with a
bilinear interpolation at the centre of each beam swath.

2.

Temporal colocation to determine the values at the SWIM acquisition date.
Two common methods are mostly used: either use of the immediate anterior date from the 3
h forecast files or use of a linear interpolation between two surrounding dates.

3 Comparison and Result
3.1 Comparison method
As the SWH from ECMWF, nadir and spectra beams of SWIM have been prepared. The
SWH from ECMWF is bilinearly interpolated by the time interval (3 hours) and horizontal space
interval (1 by 1 degree). SWH from spectra beams is accumulated from an area 70*90km. At
last, the SWH from nadir and spectra beams are gotten nearly at the same time, and the spatial
10

distance is smaller than 90 km.
Here, the SWH from ECMWF is deemed to be the truth. To find out which SWH is closer
to that from ECMWF, the scattering figures are drawn, the STD and Bias are calculated by the
following equations:

(Eq. 13)

(Eq. 14)

Bias=

3.1.1 Comparison between nadir beam SWH and ECMWF SWH
The comparison between nadir beam SWH and ECMWF SWH is shown in the following
figure. The two data sources are shown in figure 9. As shown, the STD is 0.2m the bias 0.07m.
That means the nadir SWH is higher correlated to ECMWF-SWH with a correlation of 0,99. The
point number is 268. One point contains the SWH integrated from a 70km distance along the
satellite nadir track on the sea surface.

Fig.9: Comparison swh_nadir vs swh_ecmwf

3.1.2 Comparison between spectra beam SWH and ECMWF SWH
The comparison between spectra beam SWH and ECMWF SWH is shown in the following
figures. The two data sources are shown in figure 10. As shown in figure 10, the STD is 0.27m,
the bias is -0.19m and the correlation is 0.98. That means the nadir SWH is smaller than the
ECMWF SWH by about 19cm on average. The point number is 260. One spectra beam SWH is
11

integrated from the 70*90km area on the sea surface.

Fig10: Comparison swh_spectra1 vs swh_ecmwf

As shown in figure 11, the STD is 0.24m, and the bias is -0.2m the correlation is 0.98. That
means the nadir SWH is larger than the ECMWF SWH by about 20cm on average.
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Fig.11: Comparison swh_spectra2 vs swh_ecmwf

The figures 9,10 and 11 presents the comparisons of SWH derived from nadir beam, spectra
beam data against SWH from ECMWF data. The SWH at nadir beam is higher than the
correlation at spectra beam. The standard deviation and the Bias are also smaller than at the
spectra beam.
As the result of SWIM simulated data, we can say that the most accurate SWH is from nadir
beam.
Table 1 overview of the different SWH
Principles

Equation

SWH_NADIR
Extraction
of
the
geophysical parameters
from the nadir echo
waveform.

SWH_SPECTRA
The
geophysical
products are given by
the measurement of the
2D wave spectrum

𝑆𝑊𝐻 = 2𝐶√𝜎𝐶2 − 𝜎𝑃2

𝐒𝐖𝐇 = 𝟒√∬ 𝐄(𝐤, 𝛟)𝐤𝐝𝐤𝐝𝛟

SHW_ECMWF

From
ECMWF
reanalysis mode.

Table 2 Results after the simulated data

Std
Bias
Correlation

swh_nadir vs
swh_ecmwf
0.20
0.07
0.99

swh_spectra2 vs
swh_ecmwf
0.27
-0.19
0.98

swh_spectra1 vs
swh_ecmwf
0.24
-0.20
0.98

4 conclusion and outlook
It should also be noted that the altimeter sea state data, in particular, have played and
continue to play an important role in the progress made in ocean wave forecasting. Not only can
altimeter sea state data be used very effectively as a tool in diagnosing problems in the
atmospheric and ocean-wave model, but in spite of the improvements in wave forecasting,
altimeter wave height data are still important in improving the wave height analysis. Also, the
wave height and wind speed data are important components in the construction of a global wave
height climatology. However, this requires altimeter observations over a much longer period of
time. Sea state parameters from altimeters have over the time proven to be of tremendous value
for ocean wave research, as well as in operational wave forecasting. And it is expected that more
valuable products will still come shortly.
SWIM radar has become a relatively mature method of sea surface remote sensing
13

observation. It has enormous application value and can well observe the wave field, wave
spectrum, and wave characteristic parameters of coastal sea areas.
In the case of apparent significant wave spectrum, the measured results are close to the
values of SWH from ECMWF, and satisfactory results can be obtained. The accuracy is different
between SWH Nadir beam and SWH spectra beam. The expected accuracy of each method was
compared with the SWH of ECMWF, and finally,, we can say that the nadir SWH is close to the
one gotten by ECMWF. However, it can still be possible to improve the accuracy of SWH. This
time, the wave spectrum of the radar image is obtained by Fourier transform of the radar echoes,
and the wave information of the wave field is obtained. This observation method is very
convenient, and the improvement of the algorithm also improves the accuracy of the inversion,
which is also the direction of future efforts.
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