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Abstract
The phase information in the radar signal is used to retrieve line-of-sight (range)
Doppler velocity from the Advanced Synthetic Aperture Radar (ASAR) on-board the
European Space Agency (ESA) satellite Envisat. The range Doppler velocity is used
to investigate the complex interactions between the electromagnetic signals and the
ocean surface roughness in order to retrieve information on the surface wind, wave and
current conditions. The thesis follows a systematic procedure by first describing the
technical ASAR range Doppler velocity retrieval algorithm and providing well considered accuracy estimates (paper I), then following up with a theoretical analysis of
the range Doppler velocity signal, and finally demonstrating potential applications of
near-surface wind and surface current retrieval.
In the theoretical analysis (paper II), the sea surface is partitioned into various
roughness elements each contributing separate radar backscatter mechanisms. The
simulated and observed Normalized Radar Cross Section (NRCS) and range Doppler
velocities for different environmental conditions and radar configurations are then compared and discussed. Some discrepancies are revealed, but the overall results are encouraging and suggest a dominant impact of strong surface currents and their modulations of both the radar-detected surface roughness and Doppler signals.
Following this approach, one important assumption is that the range Doppler velocity can be approximated as a linear sum of wind induced sea surface velocities and the
sea surface current in the radar line-of-sight direction. A functional relationship (called
the C-band Doppler shift model; CDOP) is found between the range Doppler velocity
from ASAR and the co-located wind speed and direction from the ASCAT scatterometer on-board the MetOp-A satellite. This CDOP model is used in a Bayesian inversion
scheme (paper III) to demonstrate the potential improvement of existing wind vector
retrieval methods.
By estimating the wind induced range Doppler velocity with CDOP using the wind
vector from a weather prediction model, the range Doppler velocity induced by the surface current can be found by simple subtraction of the modeled wind contribution from
the total range Doppler velocity. In the fourth and final paper of the thesis, this method
is applied to the inflow of Atlantic water to the Norwegian Sea, and the results are compared to in-situ measurements and geostrophic current estimates from mean dynamic
topography. The results are promising, and demonstrate that the synthetic aperture
radar based range Doppler velocity retrieval method is applicable for monitoring of the
temporal and spatial variations of ocean surface circulation.
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Chapter 1
Introduction
The circulation of the ocean’s surface layer including the motion associated with gravity waves and wind drift is a key ingredient of the ocean dynamics. It has traditionally
been monitored by tracking the drift of floating objects, and since the beginning of
the 1990s several surface Lagrangian drifter studies have been conducted (e.g. Hansen
and Poulain (1996); Koszalka et al. (2011); Niiler (2001); Orvik and Niiler (2002)).
These were initiated due to a need for coordinated and standardized measurement methods in response to the growing concern about global climate change during the 1980s
and 1990s. During the last decades, also satellite observations have become valuable
sources of information on the sea surface dynamics. The primary ocean parameters
now routinely measured from space are Sea Surface Height (SSH) from radar altimeters, ocean color and Sea Surface Temperature (SST) from passive sensors (visual, infrared and microwave) and surface roughness measurements from Synthetic Aperture
Radar (SAR). These observations have been employed for better understanding of the
hydrodynamic processes in the upper ocean because they provide valuable information
on surface geostrophic current and the location and spatial scales of oceanic features
such as fronts, internal waves, and eddies (see e.g. Johannessen et al. (1996); Robinson (2010)). This is clearly depicted in the US SeaWiFS ocean color image from 16th
July 2003 in Figure 1.1 which also defines one of the focus areas in the thesis. The
derived chlorophyll-a concentrations and a true color composite (RGB) is here seen to
resolve the “visual” color differences of the various water masses. The inflow of Atlantic water through the Faroe–Shetland channel is high in chlorophyll-a concentration
as indicated by the red/orange water color. Pronounced structures of the water circulation, including eddies, are observed in most parts of the North Sea region and in
particular along the boundary between the inflow of Atlantic water and the Norwegian
Coastal Current (NCC). The offshore topographic steering of the NCC due to the shallow Møre Plateau is observed, and there is a complex circulation pattern in the area
where the Atlantic and coastal waters interact. This is also a key region for monitoring the heat and salt transport from the mid-latitudes to the Nordic Seas and the Arctic
Ocean, e.g. through the Svinøy section.
The main method for measuring the ocean circulation from satellites employs radar
altimeter data and is based on the inversion of current information from SSH measurements. It relies on the geostrophic assumption which requires balance between
the Coriolis and pressure forces due to the large scale surface slope measured relative to the Earth’s equipotential surface (this is by definition everywhere normal to

2

Introduction

Figure 1.1: An ocean color image from 16th July 2003 covering major parts of the North Sea
and the southern Norwegian Sea from the SeaWiFS instrument on-board the US OrbView-2
(also known as SeaStar) satellite. The derived chlorophyll-a concentrations (left) and a true
color composite (RGB) (right) resolves the “visual” color differences of the ocean and coastal
water masses and circulation features. The marked straight lines indicate the Svinøy section
(SV) which is a key region for monitoring the inflow of Atlantic Water (AW) to the Nordic
Seas. Along the Norwegian west coast the Norwegian Coastal Current (NCC) is seen in green
and yellow colors. The NCC follows the steep topography along the Møre Plateau (MP)
before it meets up with the AW in the Norwegian Atlantic Current (NwAC). The white areas
are covered by clouds.

the local gravity force and is called the geoid). The resulting estimate of the surface
geostrophic current is e.g. used in data assimilation for ocean modeling of mesoscale
activity (e.g. Counillon and Bertino (2009)). However, altimetry is not able to quantify
the upper ocean currents associated with ageostrophic flow1 . In this respect, estimates
of surface current fields from ocean color, SST, and SAR signatures may be valuable complementary methods. Hitherto, this has mostly been limited to indirect methods such as pattern recognition and feature tracking in repeated image acquisitions of
ocean color, SST (e.g. Emery et al. (1991)), and surface roughness, as well as the combined use of radar imaging models and surface roughness from SAR (e.g. Johannessen
et al. (2005); Kudryavtsev et al. (2005); Romeiser and Alpers (1997); Romeiser et al.
(1997)). One significant problem at the visual and infrared wavelengths used for ocean
color and SST measurements is the frequent occurrence of cloud cover which hampers
the observation capability. In contrast, electromagnetic microwave radiation does not
interfere with the water droplets in clouds and can therefore be employed at all weather
conditions, both day and night, but challenges still remain.
1 For

more in-depth explanations on this, reference is given to e.g. Robinson (2004).
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Thus, the mesoscale variability on the order of 10-100 km is neither adequately
measured from satellites, nor from in-situ sensors. For instance, the geostrophic current
estimates from altimetry are in many situations limited by e.g. the spatial coverage and
resolution along the ground track of the satellite, reduced accuracy in shallow water
and interference from land within about 30-50 km from the coast. In comparison, insitu measurements (e.g. by moored current meters, Acoustic Doppler Current Profilers
(ADCPs), drifters) are often sparse and of low spatial coverage although of relatively
high accuracy and (often) good temporal sampling. Within the last decade, however,
considerable progress has been made in the development of two techniques that permit
a direct retrieval of line-of-sight surface velocity fields from SAR data (Romeiser et al.,
2010a). One technique, called Along-Track Interferometry (ATI), requires a second
receiving antenna (or a split antenna) (Goldstein and Zebker, 1987; Romeiser et al.,
2010b; Thompson and Jensen, 1993), while the single-antenna Doppler shift method
enables estimates from conventional SAR at reduced spatial resolution (Chapron et al.,
2005, 2003; Johannessen et al., 2008; Rouault et al., 2010). In this thesis, the latter
method is further examined, developed and applied. In chapter 2, a short introduction to
the SAR instrument (section 2.1) and the objectives of the thesis (section 2.2) are given.
The summaries of four scientific papers are given in chapter 3, while the conclusion
and outlook are provided in chapter 4. Finally, the collection of the scientific papers
are provided in chapter 5.
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Chapter 2
Scope of the Thesis
2.1

Synthetic Aperture Radar

A SAR operates in a side-looking configuration by pointing the radar beam approximately perpendicular to the sensor’s motion vector, transmitting phase-encoded pulses
and recording the radar echoes as they reflect off the Earth’s surface (Cumming and
Wong, 2005). In contrast to a real aperture radar, the SAR also utilizes the phase information in the recorded signal to obtain high resolution (order 5-10 m) Normalized
Radar Cross Section (NRCS) images. The signal processing is analogous to the radar
technique of “aperture synthesis” in which the radar could be understood as a series
of antennas distributed along a straight line, where the signals are connected and can
be added up with the correct phase relationships (Robinson, 2004). By this methodology, a C-band radar of 10 m length orbiting the Earth at about 800 km altitude can
achieve the same resolution as a real aperture radar with antenna size of several kilometers (Robinson, 2004). The SAR instrument is recognized for its capability to observe
both day and night, as well as through clouds. In addition, the radar energy scatters off
materials differently from optical energy, providing a complementary and sometimes
better discrimination of surface features (Cumming and Wong, 2005).
The SAR imaging geometry is illustrated in Figure 2.1. To form an image, measurements must be taken in two orthogonal directions. In this context, one dimension
(range) is parallel to the radar beam, and the second dimension (azimuth) is given by
the travel direction of the sensor itself. In order to obtain high resolution NRCS images,
pulse compression techniques are used in the range direction, while the Doppler shift
induced by the sensor velocity is used in the azimuth direction. This requires the ability to record both phase and intensity of the backscattered signal. By so-called matched
filtering using e.g. convolution with a signal replica, it is possible to resolve features
down to about 10 m which is significantly better than with real aperture radars measuring scales on the order of kilometers. One very important part of the signal processing
is the determination of the Doppler centroid used to set the center frequency of the azimuth matched filter. The Doppler centroid is defined as the beam center Doppler shift
in the azimuth direction, and can be found by searching for the maximum backscattered
power in the radar beam (see Figure 2.1(b) and e.g. Madsen (1989)). For further detailed explanations on the SAR functionality and signal processing, reference is given
to Cumming and Wong (2005).
The complexity of the interaction of sea surface waves at different length scales,
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(a)

(b)

Figure 2.1: The Synthetic Aperture Radar imaging geometry in three dimensions (a) and the
azimuth beam pattern including its effect upon signal strength and Doppler frequency (b). The
lower frequency diagram illustrates the effect of a target moving toward the satellite during the
time of acquisition, thus also serving to shift the Doppler centroid frequency, fdc (defined as
the frequency shift at point D when the satellite is in the position B).

including a large abundance of breaking waves and foam, and the wind is evident in the
photography shown in Figure 2.2(a) taken during a storm in the Atlantic Ocean. The
short wave scales on the order of the radar wavelength (on the order of centimeters to
decimeters) are directly affected by wind and current variations and are observed by
the radar through resonant (Bragg) scattering. This is illustrated in Figure 2.2(b) which
shows a surface that is sinusoidal in the plane entered by the radar waves (marked
“A”) (from Robinson (2004)). ∆R is the additional range distance from the radar to
successive wave crests of the surface. If the additional round trip distance to each
successive scatterer equals an exact number of radar wavelengths, the backscattered
signal from each scatterer will reinforce the others through constructive interference.
Expressed in terms of the sea surface wavelength, L, and the incidence angle, θ , the
Bragg condition is thus given by
2L sin θ
=n
λ

n = 1, 2, · · ·

(2.1)

Note that an assumption is here made that there is differential scattering from different
parts of the wave surface so that the different phases of scattering from one complete
wavelength of the surface do not cancel out, and that the Bragg mechanism can result
from just those waves which are in resonance (Robinson, 2004). The larger scale waves
(on the order of meters and more) contribute to the observed backscatter through specular (mirror-like) reflection (Figure 2.2(b) “B”) and breaking (which generate smaller
resonant waves and directly contribute to the radar signal through specular reflection),
as well as by modifying the Bragg scattering waves through variations in the local
incidence angle and the vertical and horizontal components of the wave orbital (i.e. circular) velocity (Figure 2.2(b) “C”). The latter modifications are in the literature termed
tilt and hydrodynamic modulations of the radar backscatter. In the presence of surface current, the large scale surface is mostly affected by the spatial current gradient
which affects the rate of wave breaking. All in all, this environment constitutes a spa-

2.1 Synthetic Aperture Radar
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(a)

(b)

Figure 2.2: Ocean waves during a storm in the Atlantic Ocean (Airn/Shutterstock.com) (a) and
a schematic of the different scattering mechanisms (b). Note that, according to the theory, the
breaking waves in (a) contribute to the radar backscatter mainly through specular reflection
and generation of Bragg waves (e.g. Kudryavtsev and Johannessen (2004)).
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tially mean surface roughness and line-of-sight velocity which is observed with SAR
through the frequency-shifted backscatter intensity.

2.2

Objectives

In this thesis, radar observations from the Advanced SAR (ASAR) on-board the
European Space Agency (ESA) polar orbiting satellite Envisat are used to study
the ocean surface dynamics. The ASAR observes at C-band with a wavelength of
λ = 5.6 cm. In particular, a new approach using SAR for quantitative measurements of
the mesoscale ocean surface circulation has been applied. Until recently, only the high
resolution NRCS images have been used for Earth observation applications. However,
the mean frequency-shift can provide an estimate of the line-of-sight velocity of the
surface scatterers, weighted by their associated backscattered power. Over the ocean,
the Doppler centroid is found to differ from a predicted frequency shift based on the a
priori known motion of the satellite and the rotation of the Earth. Recently, Chapron
et al. (2005, 2003) demonstrated that its difference from the expected value, the singleantenna range Doppler centroid anomaly, is a measure of the line-of-sight (range)
Doppler velocity of the moving ocean surface and highly sensitive to surface current
and the near surface wind speed and direction. This is e.g. seen in Figure 2.3 which
is an illustrating example off the Chinese coast in the western Pacific (Figure 2.3(a))
where the wind and current effects are clearly manifested by the cyclonic motion of the
typhoon “Sinlaku” on the 10th September 2008 and the northeastward motion of the
Kuroshio current. The typhoon wind speed is up to 20 m/s, while it is about 6-10 m/s
from east in the northern domain (Figure 2.3(b)). The typhoon is also clearly manifested in the NRCS (Figure 2.3(c)). However, some structures with positive values up
to 0.6 m/s (toward right in the image) are visible in the range Doppler velocity image
(Figure 2.3(d)), which cannot be detected in the wind retrieval nor in the NRCS image.
These structures are assumed to be signatures of the range component of the surface
velocity associated to the Kuroshio current.
Two applications of the range Doppler velocity product thus emerge. The first is
the retrieval of the near-surface wind field, while the second is the determination of
sea surface current. Three studies (Chapron et al., 2005; Johannessen et al., 2008;
Rouault et al., 2010) have employed the range Doppler velocity method for strong
surface current regimes, including the Gulf Stream and the Agulhas Current which
are strong western boundary currents with velocities up to 1.5-2.5 m/s. The signalto-noise ratio is in those cases significantly better than over areas of weaker surface
current, such as in the North Sea and the Norwegian Sea in which very accurate error
correction and separation of wind-wave induced range Doppler velocity signals are
essential for reliable estimation of the surface current induced range Doppler velocity.
In this context, the major objectives of the thesis therefore target the following:
1. Detailed error analysis and improved routines for the correction of range Doppler
velocity data from the Envisat ASAR Wide Swath Medium resolution image
(WSM) product, including estimates of the uncertainty;
2. Simulations using the Doppler Radar Imaging Model (DopRIM) with associated
verification of the radar imaging theory in comparison to ASAR NRCS and range

2.2 Objectives
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Doppler velocity retrievals;
3. Demonstration of the potential use of the range Doppler velocity for improved sea
surface wind retrieval, also of benefit to the separation between wind and current
effects in the range Doppler velocity; and
4. Assessment and validation of range Doppler velocity retrievals in the Norwegian
Sea and the North Sea in comparison to moored current meter measurements,
data from surface Lagrangian drifters, and the geostrophic current derived from
new mean dynamic topography estimates (Hunegnaw et al., 2009; Knudsen et al.,
2011; Rio et al., 2011).
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(a)

(b)

(c)

(d)

Figure 2.3: The geographic location (a) of an ASAR acquisition capturing the cyclonic motion
of the typhoon “Sinlaku” on the 10th September 2008 over the western pacific ocean in VV
polarization. The instrument was operating in Wide Swath Medium resolution image (WSM)
mode and spans a range of incidence angles from 16◦ to 43◦ with respect to the surface normal.
A model wind field from the numerical weather prediction model of NCEP (b) is co-located
with the NRCS (c) and range Doppler velocity (d) images from ASAR. In the upper part of
the range Doppler velocity image, we see positive anomalies (indicated by black lines) which
result from the range component (parallel to the first image axis) of the Kuroshio current
flowing toward northeast. White areas in the range Doppler velocity image are invalid pixels.

Chapter 3
Summary of Papers
The thesis is a synthesis of four scientific papers addressing the objectives listed at
the end of chapter 2. The basic assumption is that the subtraction of geometrically
predicted Doppler shifts from measured Doppler centroid frequencies can be performed
to retrieve a Doppler centroid anomaly which can be related to sea surface motion.
Following Romeiser and Thompson (2000) and Chapron et al. (2005), the geophysical
Doppler shift, fg , after corrections of the Doppler centroid anomaly, is assumed to be
a spatial average of the line-of-sight velocities of an ensemble of small-scale surface
facets scattering radar waves, weighted by their contribution to the local NRCS (σ0 ) as
VD = −

π fg
(u sin θ − w cos θ )σ0 (θ + ∆θ )
=−
.
kR
σ0 (θ + ∆θ )

(3.1)

Here, kR = 2π/λ is the radar wavenumber, λ is the radar wavelength, VD is defined
as the range Doppler velocity, u and w are the horizontal and vertical velocities of
the scattering facets in the radar incidence plane, and ∆θ is the local modification of
the incidence angle, θ , due to waves (see Figure 2.2(b)). This methodology has been
demonstrated by other authors (e.g. Chapron et al. (2005); Johannessen et al. (2008);
Rouault et al. (2010)) with promising results. It is further examined and applied in this
thesis by following a systematic procedure in first describing the technical ASAR range
Doppler velocity retrieval algorithm (paper I), then performing a theoretical analysis of
the range Doppler velocity signal (paper II) and finally looking at potential applications
(papers III and IV).

3.1

Paper I: Retrieval of Sea Surface Range Velocities from Envisat
ASAR Doppler Centroid Measurements

This paper describes the processing steps needed to retrieve estimates of the geophysical Doppler shift, fg , from Envisat ASAR WSM level-1b products. The Doppler centroid anomaly contains some known biases which partly distort its retrieval accuracy
and need to be removed. We examine the processing scheme with specific attention to
the correction of these biases. Following the retrieval of a Doppler centroid anomaly,
the processing scheme includes a correction of biases caused by variation of the NRCS
along azimuth (the azimuth bias), and a correction of biases caused by the Doppler shift
prediction errors (the range bias).
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The azimuth bias is found empirically from the relationship between Doppler centroid anomaly data and the NRCS, while two methods for estimating the biases caused
by Doppler shift prediction errors are presented. Both these methods use reference data
for which the geophysical Doppler shift is assumed zero (e.g. over land). Using the
first method, the accuracy, expressed as the Root Mean Square Error (RMSE), of the
geophysical Doppler shift is estimated over land cover from about 850 acquisitions in
both the Vertical transmit-Vertical receive (VV) and Horizontal transmit-Horizontal receive (HH) polarizations. This shows that method (i) using reference data over land
below a topographic height of 200 m is preferred for the error correction. However,
for scenes with insufficient land cover, the second method in which the ocean data is
corrected for the wind contribution to the Doppler shift becomes a good alternative.
The RMSE of VV polarized data corrected by the first method with land reference
is found to be 4.7 Hz. This corresponds to a horizontal Doppler velocity of 23 cm/s at
35◦ incidence angle. In HH polarization, the corresponding number is 3.9 Hz, which
translates to a horizontal velocity of 19 cm/s at the same incidence angle. Since scenes
in HH and VV are generally acquired at different latitudes (HH typically north of 65◦
latitude) and due to different scattering mechanisms over land and ocean, no conclusion
is offered on this slightly better performance for HH.

3.2

Paper II: Simulation of Radar Backscatter and Doppler Shifts of
Wave-Current Interaction in the Presence of Strong Tidal Currents

In this paper, a separation between the different scattering mechanisms is employed
in the presentation of a semi-empirical approach following Johannessen et al. (2008),
where a Doppler simulation module is added to the already existing Radar Imaging
Model (RIM) presented by Kudryavtsev et al. (2005). By splitting each parameter
on the right side of Equation (3.1) in spatial mean and wave induced modulations as
y = y + ỹ, the following expression for the mean horizontal (ground) range Doppler
velocity has been found (Johannessen et al., 2008):
VD,h = −

π fg
1 w̃σ̃0 ũσ̃0
= us + c f −
+
,
kR sin θ
tan θ σ0
σ0

(3.2)

where us is the surface current including wind drift, c f is the mean velocity of the scattering facets relative to the surface current, and ũ and w̃ are components of the orbital
velocities of surface waves carrying the facets in the radar incidence plane. The last
three terms on the right-hand-side of Equation (3.2) are thus consequences of the sea
surface waves. This can be illustrated as shown in Figure 2.2(b). Along a wave profile,
facets tilted toward the satellite will generally appear brighter due to the mirror-like
specular reflection (i.e. the tilt modulation). For waves moving toward/away from the
radar, these facets will move up/down and thus contribute a surface velocity in the direction of the wave propagation. The hydrodynamic modulation of the scattering facets
results in higher roughness at the forward face of the large scale wave crests compared
to the large scale wave troughs (e.g. Kudryavtsev et al. (2003)), thus also contributing a
surface velocity in the wave direction. It is found that the largest contributions from the

3.3 Paper III: On the use of Doppler shift for sea surface wind retrieval from SAR
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specular facets and the tilt and hydrodynamic modulations of the scattering facets arise
from the high-frequency waves with steep slopes and large amplitudes, and that these
waves are closely related to the local wind forcing (Chapron et al., 2005). The model
simulations with this Doppler Radar Imaging Model (DopRIM) therefore allow to investigate and better understand the physics of the electromagnetic interaction with the
sea surface through comparison to the range Doppler velocity retrievals from ASAR.
Following a presentation of the Doppler shift equations with a detailed description
of the contributions from the different scattering mechanisms, a systematic analysis of
the model calculations along with a comparison to range Doppler velocity retrievals
from nearly 2200 ASAR WSM acquisitions are provided (about 1200 in VV and 1000
in HH polarization, respectively). The model compares well with the observations in
VV polarization. In HH polarization, however, there is some overestimation of the
range Doppler velocity at 10 m/s and 15 m/s wind speed, when the wind is toward
the radar (upwind). This could probably be improved by a better model fit, but until
recently the amount of observed data in HH has been too low. Nevertheless, the nonBragg mechanism is well captured by the proposed approach, and greatly simplifies a
more advanced approach (e.g. Mouche et al. (2008); Pedersen et al. (2004)).
Simulated and observed range Doppler velocities, as well as the corresponding
NRCS, for a specific case of wave-current interaction in the presence of strong tidal
current in the Iroise Sea outside Brest, France, are then compared. Although some discrepancies are revealed, the overall results are encouraging as some inaccuracies in the
simulated current field and near surface wind field are expected. All in all, the results
suggest a dominant impact of strong surface currents and their modulation on both the
radar-detected surface roughness and on the range Doppler velocity signals.

3.3

Paper III: On the use of Doppler shift for sea surface wind retrieval
from SAR

This paper discusses the use of the range Doppler velocity for wind retrieval. We assess
the range Doppler velocity as a function of the wind speed and direction, as well as the
radar configuration. Based on Equation (3.2), we assume that the geophysical Doppler
shift can be approximated as a linear sum of wave induced sea surface velocities and the
sea surface current in the radar line-of-sight direction, as also demonstrated by Chapron
et al. (2005). In consequence, we can find a functional relationship between the range
Doppler velocity from SAR and the ocean surface wind vector. By co-locating global
range Doppler velocity retrievals from ASAR with wind measurements at 10 m height
from the Advanced SCATterometer (ASCAT) on-board the MetOp-A satellite with Cband range Doppler velocity retrievals from ASAR, an empirical model function called
the C-band Doppler shift model (CDOP) has been developed using a 3-layer neural
network. This model can be used to estimate the roughness portion (which is mostly
wind-wave induced) of the range Doppler velocity. The CDOP model thus relates the
Doppler shift at C-band to the wind vector and radar configuration (incidence angle
and polarization). In a Bayesian inversion scheme following Portabella et al. (2002),
the SAR NRCS (σ0 ) and range Doppler shift ( fg ) information is combined with background information coming from a high resolution wind model, in this case from the
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European Centre for Medium-Range Weather Forecasts (ECMWF), to retrieve the most
probable wind vector, assuming that all sources of information contain errors and that
these are well characterized. This leads to a minimization problem expressed as the
cost function

 
 

fg − CDOP(u)
σ0 − CMOD(u)
u − uB
J(u) =
+
+
,
(3.3)
∆σ0
∆ fg
∆u
where u is the wind vector estimate, the C-band (NRCS) Model (CMOD) is an empirical model function for the NRCS (e.g. Quilfen et al. (1998)), uB is the model wind
vector, and the denominators are accuracy estimates based on Gaussian statistics for the
NRCS (∆σ0 = 0.5 dB) and the range Doppler velocity (∆ fg = 5 Hz),
while
√ respectively,
√
the accuracy of the model wind vector is set constant to ∆u = [ 3, 3] m/s. The solution to this problem is thus the wind vector, u, which minimizes Equation (3.3). The
contributions from each term of the cost function are then illustrated and discussed assuming a “true” wind speed of 7 m/s with a direction of 60◦ with respect to the antenna
look direction. It is found that different combinations of the terms in the cost function
have distinctly different shapes and complement each other, such that the number of
possible solutions using all the available information is dramatically reduced.
Two cases of complex meteorological situations are then selected for an assessment
of the method. In the case of an atmospheric front, comparison to ASCAT observations
shows that the location of an abrupt shift in wind direction is most accurately determined using all the available data (NRCS, range Doppler velocity, and wind model).
This is also the case for the circular wind pattern in a low pressure system. For a quantitative comparison, nearly 100 ASAR acquisitions are co-located with a wind measuring
buoy in the Caribbean Sea. The wind direction is here found to be much more accurate
when the range Doppler velocity is included in the cost function, with a Root Mean
Square Deviation (RMSD) of 14◦ compared to 30◦ when it is not included. This improvement is due to a few cases when the a priori wind model data and the in-situ
measurements are strongly inconsistent. For the wind speed, however, the performance
improvement is insignificant when the range Doppler velocity is included in the cost
function. This is likely caused by the relatively poor accuracy of fg (∆ fg ≈ 5 Hz; see
the summary of paper I). However, it should be noted that the performance is also likely
to be affected by too low/high ∆u in extreme/mean wind situations. In particular, it is
found that when the a priori wind information and the NRCS are highly consistent, the
use of the range Doppler velocity may add noise and reduce the performance of the
inversion scheme.
Despite the limitations due to relatively high uncertainty, the information in the
range Doppler velocity is found to be valuable for the retrieval of wind patterns in
cases of complex and rapidly changing meteorological situations such as for coastal
wind regimes, hurricanes, typhoons and polar lows.

3.4

Paper IV: Monitoring the Surface Inflow of Atlantic Water to the
Norwegian Sea Using Envisat ASAR

In this paper, the range Doppler velocity method is for the first time applied to moderate current regimes in the Norwegian Sea, North Sea and Skagerrak. The results are
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compared and validated to in-situ measurements and satellite based surface geostrophic
current estimates. By estimating the wind induced Doppler shift, fw , with CDOP using
the wind vector from a weather prediction model, the Doppler shift induced by the surface current (in the range direction) can be found by simple subtraction as fc = fg − fw .
Depending on the uncertainty of the model wind vector and the strength of the current,
the signal-to-noise ratio of this estimate can occasionally be low. However, temporal
averaging can be used to estimate the mean yearly and seasonal surface current velocity with higher signal-to-noise ratio, as also successfully demonstrated by Rouault et al.
(2010) for the Agulhas region. This is particularly important over weaker currents such
as the Norwegian Atlantic Current (NwAC) which transports Atlantic water into the
Norwegian Sea.
Retrievals of the spatially and temporally varying surface velocities associated with
the NwAC and also the NCC have thus been investigated based on 1200 ASAR WSM
products in VV polarization. The orientation of the two branches of the inflowing
Atlantic water in the NwAC, and parts of the NCC, displays excellent geometry relative
to the Envisat ground track and ASAR range direction for application of the range
Doppler velocity method. After consistent removal of the wind driven facet motion,
the eastern branch of the NwAC (the Norwegian Atlantic Slope Current (NwASC))
is observed with mean wind corrected range Doppler velocities ranging from 20 to
40 cm/s, apparently steered along the 500 m isobath with a typical width of 45 to
60 km. In comparison, the western branch of the NwAC (the Norwegian Atlantic
Front Current (NwAFC)) is less distinct with lower velocities (10-15 cm/s) and a much
broader core steered along the 2000-2500 m isobaths. A clear seasonal signal, including
winter maxima (62 cm/s) and summer minima (7 cm/s), is found for the inflowing
Atlantic water across the Svinøy section. Outside these areas of topographic steering,
the surface inflow of Atlantic water diminishes. In the NCC, a narrow jet of about
40 cm/s is clearly depicted near shore at 64◦ N, 9◦ E. In addition, the in-/outflow to/from
the Skagerrak Sea is evident in the wind corrected range Doppler velocity, with speeds
reaching up to 25 cm/s. With a resolution of about 10 km, the RMSE of these estimates
is less than 5 cm/s.
Comparison to other direct and indirect estimates of the surface current, including
Lagrangian drifters, moored Recording Current Meter (RCM) measurements and surface geostrophic current inverted from several Mean Dynamic Topographies (MDTs)
ensure valuable assessment and validation. All in all, the comparison is promising, with
the mean ASAR velocities slightly exceeding the other mean velocity fields. This can
be expected due to better spatial resolution and contributions from the non-geostrophic
terms obtained with the range Doppler velocity method. Moreover, in combination
with measurements from the moored RCM, the volume transport of the inflowing Atlantic water in the upper 100 m of the NwASC across the Svinøy section was estimated
with a 3-year mean transport of 0.9 Sv1 , and a summer minimum/winter maximum of
0.6-0.7 Sv/1.1-1.2 Sv. Compared to other full water column (500 m depth) transport
estimates of the NwASC, which average to about 4 Sv, the values are reasonable.

1 Sv

is in physical oceanography short-hand for Sverdrup. 1 Sv is equivalent to 106 m3 /s. It is not an SI unit.
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Chapter 4
Conclusion and Outlook
This thesis is part of a larger framework at the Nansen Environmental and Remote
Sensing Center (NERSC) with the objective to advance the retrieval algorithms for
converting satellite data to geophysical quantities. The thesis builds upon the pioneering findings of Chapron et al. (2005, 2003) who demonstrated that the Doppler centroid
frequency in SAR data can be linked to wind and current effects in the ocean. However, error correction and validation have been recurring issues in the analysis of the
range Doppler velocity fields which have been retrieved from the Envisat ASAR WSM
product since July 2007 (e.g. Collard et al. (2008); Johannessen et al. (2008)). In an
attempt to improve on these issues, the first paper of the thesis (Retrieval of Sea Surface Range Velocities from Envisat ASAR Doppler Centroid Measurements) is a careful
assessment of the technical procedure to retrieve range Doppler velocity information
from the Doppler centroid frequency with associated accuracy estimates. The second
paper (Simulation of Radar Backscatter and Doppler Shifts of Wave-Current Interaction in the Presence of Strong Tidal Currents) is then a more theoretical approach to
further analyze the mechanisms which generate the range Doppler velocity by comparison of model simulations with observations. The model (DopRIM) yields a simplified
representation of the interaction between the sea surface and electromagnetic radar signals.
Whereas the two first papers prepare the base for more practical applications of the
range Doppler velocity product, paper III (On the use of Doppler shift for sea surface
wind retrieval from SAR) and paper IV (Monitoring the Surface Inflow of Atlantic Water to the Norwegian Sea Using Envisat ASAR) then applies the method in order to
derive improved wind retrievals from SAR and to examine and assess the capability
for monitoring the inflow of Atlantic water to the Norwegian Sea. The improved error
correction methods presented in paper I and the empirical CDOP model developed for
paper III are essential in retrieving the wind corrected range Doppler velocity fields for
paper IV.
In 2013, ESA will launch the first Sentinel-1 C-band SAR mission to provide routine observations in support of the European operational Global Monitoring for Environment and Security (GMES) program and other future marine core services. The
range Doppler velocity, planned to become a standard product for Sentinel-1, is expected to have significantly better accuracies than for Envisat ASAR. As demonstrated
in this thesis, we can consequently anticipate improved capability to monitor the temporal and spatial variability of the ocean surface circulation from SAR. Through regular
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access to the range Doppler velocity information and the NRCS, the DopRIM model
can also be better assessed and explored for transition from a research tool to an operational tool in marine monitoring with SAR. In so doing, increased efforts will be
dedicated to assess the potential to better distinguish the different contributions to both
radar signal strength and mean Doppler shift. In particular, analyzes of the different polarization and/or incidence angle sensitivities can be useful to filter out the non-Bragg
contributions. Also, the combined range Doppler velocity and NRCS with a priori
model fields of surface wind, including wind shadowing by land, and surface current
will offer enhanced possibilities to improve the retrieval of the ocean surface current
and near-surface wind fields.

Abbreviations and Acronyms
ADCP

Acoustic Doppler Current Profiler

ASAR

Advanced SAR

ATI

Along-Track Interferometry

ASCAT

Advanced SCATterometer

CDOP

C-band Doppler shift model

CMOD

C-band (NRCS) Model

DopRIM

Doppler Radar Imaging Model

ECMWF

European Centre for Medium-Range Weather Forecasts

ESA

European Space Agency

GMES

Global Monitoring for Environment and Security

HH

Horizontal transmit-Horizontal receive

MDT

Mean Dynamic Topography

NCC

Norwegian Coastal Current

NCEP

(US) National Center for Environmental Prediction

NERSC

Nansen Environmental and Remote Sensing Center

NRCS

Normalized Radar Cross Section

NwAC

Norwegian Atlantic Current

NwASC

Norwegian Atlantic Slope Current

NwAFC

Norwegian Atlantic Front Current

RCM

Recording Current Meter

RIM

Radar Imaging Model

RMSD

Root Mean Square Deviation

RMSE

Root Mean Square Error
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SAR

Synthetic Aperture Radar

SSH

Sea Surface Height

SST

Sea Surface Temperature

VV

Vertical transmit-Vertical receive

WSM

Wide Swath Medium resolution image
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Retrieval of Sea Surface Range Velocities From
Envisat ASAR Doppler Centroid Measurements
Morten Wergeland Hansen, Fabrice Collard, Knut-Frode Dagestad,
Johnny A. Johannessen, Pierre Fabry, and Bertrand Chapron

Abstract—The processing steps and error corrections needed
to retrieve estimates of sea surface range Doppler velocities from
Envisat Advanced Synthetic Aperture Radar Wide Swath Medium
resolution image products are presented. Retrieval accuracies
based on examination of the corrected Doppler shift measurements are assessed. The root-mean-square errors of the Doppler
shift after bias corrections are found to be 4.7 and 3.9 Hz in VV
and HH polarizations, respectively. At 35◦ incidence angle, this
corresponds to horizontal Doppler velocities of 23 and 19 cm/s.
Index Terms—Doppler measurements, remote sensing, sea
surface, synthetic aperture radar (SAR).

A BBREVIATIONS AND ACRONYMS
ASAR
ATI
CLS
ESA
NRCS
PRF
rms
rmsd
rmse
SAR
SPECAN
TR
WSM

Advanced SAR.
Along-track interferometry.
Collecte Localisation Satellites.
European Space Agency.
Normalized radar cross section.
Pulse repetition frequency.
Root mean square.
rms deviation.
rms error.
Synthetic aperture radar.
Spectral analysis.
Transmit/receive.
Wide Swath Medium resolution image.

I. I NTRODUCTION

O

VER THE ocean, the SAR instrument measures surface
roughness linked to, e.g., wind, waves and currents, sea
ice, and surface contaminants, including natural film and oil
spill. In particular, current shear and convergence zones can
affect the waves, resulting in wave steepening and enhanced
SAR-detectable roughness changes. By this mechanism, detailed structures of mesoscale current dynamics have been
observed and studied during the last decades [1]–[8]. Quantitative estimates of ocean currents have not been possible,
except for very simple and idealized cases. However, within
the last decade, considerable progress has been made in the
development of two techniques that do permit a direct retrieval
of line-of-sight (range) surface velocity fields from SAR data.
One technique, called ATI, requires a second receiving antenna
(or a split antenna) [9]–[14], while the single-antenna Doppler
shift method enables estimates from conventional SAR raw data
at a reduced spatial resolution [15]–[19]. The retrieved Doppler
shift complements the NRCS measurements and may facilitate
better quantitative interpretation of the relationship between
the usual complex roughness pattern and upper ocean dynamic
conditions.
Regarding the single-antenna Doppler shift method, a
Doppler centroid anomaly is defined by
fDca ≡ fDc − fDp
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(1)

where fDc is the measured Doppler centroid defined as the radar
return frequency shift at the antenna beam center and fDp is a
predicted Doppler shift arising from the relative velocity Vrel
of the satellite and rotating Earth. A geophysical Doppler shift
relates to the Doppler centroid anomaly by
fg = fDca − ferr

(2)

where ferr accounts for the estimation errors of both fDc and
fDp . fg should be zero for a surface at rest with respect to the
Earth. For the dynamic sea surface, however, the geophysical
Doppler shift relates to a spatial mean of the range component
vr of the velocity of the surface scattering elements, weighted
by the local NRCS (σ0 ) [11], [17] as
fg = −ke VD /π = −

ke v r σ 0
π σ0

(3)

where ke is the electromagnetic wavenumber, VD is defined
as the range Doppler velocity, and the overbars characterize
spatial averaging. The sign convention follows the one in [11]
and [17], where a positive value of vr corresponds to a target

0196-2892/$26.00 © 2011 IEEE

30

Papers

2

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING

which is receding from the radar. The local NRCS over water
varies strongly in space and time due to effects such as the
weighting of advancing and receding Bragg resonance waves
(e.g., [10]), which depends strongly on the wind direction,
specular reflection, and wave breaking, as well as tilt (e.g.,
[20]) and hydro- and aerodynamic modulations of the scattering
elements (e.g., [21] and [22]). The interested reader is referred
to the mentioned papers and [18], with references therein, for
further discussion and quantification of these effects.
We are here concerned with the WSM product from the
ASAR instrument aboard the ESA satellite Envisat (ke =
112 m−1 for a radar wavelength of 5.6 cm). The error term ferr
contains some known biases which partly distort the retrieval
accuracy of the Doppler centroid anomaly and need to be
removed. Since
vr
1
Vrel

(4)

accurate estimation of these biases is here of great concern. Two
independent effects are identified. These are related to gradients
in surface backscatter along the azimuth direction and antenna
mispointing and have only been briefly commented in previous
literature [17]–[19].
In this paper, the intention is therefore to describe the processing steps needed to obtain fg from ASAR WSM data and to
assess the retrieval accuracies. We present the Doppler centroid
and predicted Doppler shift data in Section II and describe
the procedures for correction of the biases in Section III.
The measurement accuracies are assessed in Section IV, and
Section V contains the summary and concluding remarks.
II. ASAR WSM D OPPLER C ENTROID A NOMALIES
The ASAR WSM product is generated with the SPECAN
algorithm [23] at 150-m resolution and about 420-km swath
width. The fractional PRF part of the Doppler centroid is
estimated using Madsen’s method [24] and further refined using
the look-power-balancing algorithm [25]. It is related to the
frequency of the return signal at the center of the radar beam
and determines the center frequency of the azimuth matched
filter in the SAR processor. The Doppler centroid is essential
in the processing of SAR data by affecting image focusing and
noise and ambiguity levels in the processed image [23].
A grid of Doppler centroid frequencies has been included
in Envisat ASAR WSM level-1b products since May 2007.
The grid contains 100 pixels in the range direction, 20 for
each of the 5 subswaths. The subswaths slightly overlap in
slant range. The pixel spacing is regular in slant range within
each subswath, corresponding to about 9 km in near range and
3.5 km in far range when projected to the surface. The pixel
spacing in the azimuth direction is fixed at about 8 km.
The predicted geometrical Doppler shift is given by the
relative velocity of the satellite and the rotating Earth according
to a general formula demonstrated by [26]
fDp =

ke Vsc
sin γ cos α
π
× [1 − (ωe /ω)( cos β sin Ψ tan α + cos Ψ)]

where
• Vsc is the magnitude of the spacecraft velocity along its
orbital path;
• γ is the elevation angle of the radar beam;
• α is the angle between the range elevation plane and the
spacecraft orbital plane (yaw);
• ωe is the angular rate of the Earth’s rotation;
• ω is the angular rate of the spacecraft;
•  describes whether the radar is looking to the right (+1)
or left (−1) of the orbital velocity vector (ASAR = +1);
• β is the argument of latitude, defined as the angle between the ascending node (where the satellite crosses the
equatorial plane in ascending pass configuration) and the
spacecraft position in the orbital plane measured from
the center of the Earth (this is not the same as the projected
latitude onto the Earth’s surface);
• Ψ is the inclination of the spacecraft orbital plane.
The geometry is illustrated in [26], and the satellite orbit is
assumed circular [27]. The predicted Doppler shift, radar footprint geolocation parameters, and elevation angle are calculated
with Envisat CFI mission analysis software1 from ESA, using
timing information and state vectors available in the ASAR
WSM product. The CFI software uses a yaw steering law
to maintain the Doppler shift within the baseband frequency
±PRF/2.
A schematic overview of the processing steps and error
corrections needed to retrieve estimates of the geophysical
Doppler shift, with symbols and expressions consistent with the
content in Sections II and III, is shown in Fig. 1. The Doppler
centroid and predicted Doppler shift, presented in this section,
with resulting Doppler centroid anomalies fDca enter the loop
in the upper rectangle.
III. C ORRECTIONS OF N ONGEOPHYSICAL B IASES
The observed Doppler centroid (left) and predicted geometric
Doppler shift (center) from an Envisat ASAR WSM scene
(ascending pass) on September 14, 2010, acquired off the coast
of South Africa are shown in Fig. 2. The Doppler centroid
anomaly is shown in the right panel. Some artifacts are, however, observed. A large variability of fDca is seen, also over
land where the geophysical Doppler shift is expected to be zero.
Much of this variability is due to backscatter gradients along
the azimuth direction within the estimation area of the Doppler
centroid pixels. Discontinuities aligned in the azimuth direction
correspond to a bias introduced by electronic mispointing of the
SAR antenna. In addition, inaccuracies exist in the theoretical
radar beam pointing angle caused by errors in satellite orbit and
attitude parameters [see (5)]. In combination with electronic
mispointing, these cause an rms offset, from zero, of about
17.1 Hz over land in this image.
The error term from (2) can thus be partitioned as
ferr = fσ0 + fpe + fΔ

(5)

1 http://eop-cfi.esa.int/CFI/cfi_software.html

(6)
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Fig. 1. Schematic overview of the processing steps and error corrections needed to retrieve estimates of the geophysical Doppler shift fg . The symbols and
various expressions will be further explained in Sections II and III.

where fσ0 is a Doppler centroid shift caused by NRCS gradients
along azimuth, fpe is an error in the predicted Doppler shift
caused by the use of wrong radar beam pointing angles, and
fΔ is the residual error. These biases and their corrections are
further described in the following sections, which relate to the
lower dashed box in Fig. 1.

A. Azimuthal Variation of NRCS
In general, the SAR azimuth power spectrum exhibits a
pattern similar to the antenna power pattern. The Doppler centroid can therefore be estimated by searching for the maximum
of this spectrum. However, in cases with large backscatter
gradients within the physical (azimuth) beamwidth of the SAR
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Fig. 2. Left panel shows the Doppler centroid (fDc ) estimated from an Envisat ASAR WSM scene acquired off the coast of South Africa on September 14,
2010, at 21:15 UTC. The polarization is VV, and the pass is ascending, with sensor looking toward the right. The Doppler grid pixel numbers along the range
and azimuth directions are given on the axes. The center panel shows the corresponding predicted Doppler shift (fDp ), and the right panel shows the Doppler
centroid anomaly (fDca ). Separation between land (to the north) and water is seen around azimuth pixel number 120, and discontinuities visible as stripes along
the azimuth direction indicate the borders between the 5 subswaths of 20 pixels each.

antenna, the accuracy of this technique is reduced [28]. Accordingly, any region with relatively strong or weak intensity
away from the center of the radar beam (e.g., at land–water
boundaries) can bias the Doppler centroid estimate. Although
reduced with Madsen’s method (which operates in the time
domain) [24] and the look-power-balancing algorithm [25], this
bias is still present in the Doppler centroid from the ASAR
WSM product over both ocean and land.
The right view in Fig. 3 shows the NRCS at original resolution (150 × 150 m) within the area covered by a single Doppler
centroid pixel from the same scene as in Fig. 2. Higher relative
NRCS over land in the upper part than over ocean in the lower
part results in a shift of the Doppler centroid estimate toward
higher frequencies (forward in azimuth time). A correction
of this shift is necessary and is here performed by finding
a relation between the gradients of backscatter and Doppler
centroid anomalies fDca , along azimuth from succeeding pixels
over land. The use of fDca minimizes the influence from the
variation of fDc along the satellite orbit, which is caused by
changing relative velocities between the satellite and Earth.
A measure of the NRCS gradient within a Doppler pixel is
found by calculating
Δσ0,y =


Ny 
Nx

2l
−1
σ0 (k, l)
Ny
l=1

(7)

k=1

where k and l are the pixel numbers of NRCS within the
Doppler centroid estimate in range and azimuth directions,
with a total number of (Nx , Ny ) pixels. The sum along range
represents the total backscatter within the Doppler centroid estimation area at given azimuth l. A weighting is then performed,
such that a theoretical surface with constant NRCS (dσ0 /
 x
dy = 0) would exhibit a linear variation from − N
k=1 σ0 (k, 1)
N x
to k=1 σ0 (k, Ny ). The total sum should therefore be zero for
this theoretical surface. With (dσ0 /dy) ∝ Δσ0,y , any deviation

Fig. 3. NRCS of the ASAR WSM image over the Agulhas region on
September 14, 2010. The right view is the NRCS at original resolution
(150 × 150 m) within a single Doppler centroid pixel.

from zero represents the NRCS gradient within the Doppler
centroid pixel. Furthermore, a variation of Δσ0,y along azimuth
(in the reduced resolution Doppler centroid grid) will cause
a related variation of the biased Doppler centroid values. By
discrete
with a 1 × 3 (range × azimuth) kernel
⎛ convolution
⎞
−1
g = ⎝ 0 ⎠, estimates of ∂fDca /∂y and ∂(Δσ0,y )/∂y are
1
calculated and shown in Fig. 4. This figure demonstrates a
linear relation
∂(Δσ0,y )
∂fDca
=c
+A
∂y
∂y

(8)
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Fig. 4. Two-dimensional histogram of Doppler centroid anomaly gradients along azimuth ∂fDca /∂y versus the gradients of backscatter variation
∂(Δσ0,y )/∂y calculated over land cover from 1610 scenes in VV polarization.

where the constants c and A can be found by a polynomial
fit to the observations (note that we are now operating on the
full Doppler centroid grid, whereas (7) operates on the NRCS
within one single Doppler centroid estimate). By integration,
this gives
fDca (y) = cΔσ0,y (y) + Ay + B

(9)

in which case B is assumed to result from processes not
related to azimuthal variation of the NRCS. The constant A is
here found to be zero, and the error in the Doppler centroid
frequency caused by azimuthal variations of NRCS is therefore given by fσ0 = cΔσ0,y . The magnitude of c depends on
polarization and incidence angle. It also varies with time and
must therefore be found by using other acquisitions temporally
nearby the scene under consideration. The Doppler centroid
anomaly (see Fig. 1) corrected for this azimuth bias is, in the
following, marked by an asterisk (∗), i.e.,
∗
= fDca − fσ0 .
fDca

(10)

∗
for
Fig. 5 shows the corrected Doppler centroid anomaly fDca
∗
is
the scene shown in Fig. 2. We see that the variability of fDca
less than that of fDca (Fig. 2, right), and the rms offset over land
is reduced to 16.0 Hz. The remaining errors are still evident and
are discussed in the following sections.

B. Errors in the Predicted Doppler Shift
A departure of the radar beam pointing angle from the theoretical pointing angle used to calculate the predicted Doppler
shift will cause an offset between fDp and fDc . A 0.01◦ pointing
error in yaw (rotation about the vertical axis) would, for instance, give an error in fDp of about 14 Hz at γ = 20◦ and about
27 Hz at γ = 40◦ [see (5)]. Such departures may be caused by
both electronic mispointing and wrong satellite orbit and attitude parameters. A correct partitioning of these contributions is
challenging, although two main effects seem apparent. A variation along range is related to the enhanced/reduced frequencies

∗
Fig. 5. Doppler centroid anomaly fDca
after correction of the azimuth bias
(see right panel of Fig. 2).

aligned in the azimuth direction shown in Figs. 2 and 5.
This is most clearly seen over land in the first image swath,
where the Doppler centroid anomaly is first seen at about 30
to 40 Hz approximately between range pixel numbers 1 and 7,
before it is reduced to between 0 and −10 Hz approximately
between range pixel numbers 8 and 20. We will refer to this
as the range bias. In addition to this, there is an offset from
the expected mean zero Doppler shift over land. The antenna
pointing error [see (6)] may therefore be partitioned as
fpe = frb + fo

(11)

where frb is the range bias and fo is the mean offset from zero
over land.
The antenna pattern defines the azimuth direction of maximum backscattered radiation and is not constant along radar
beam elevation angles γ. This direction should ideally be
aligned with the direction of zero Doppler shift but is slightly
shifted due to imperfect relative functionality of the antenna TR
modules. This cannot currently be modeled to the needed accuracy. It is thus observed as slight shifts of antenna boresights
(along yaw) within each subswath and appears to be the main
source of the range bias which, consequently, can be expressed
as a function of elevation angle: frb = frb (γ).
∗
−
Fig. 6 shows the range bias (right), calculated from fDca
fo , for the nearest subswath (range index of 1–20) of one
acquisition over the Amazon rain forest (left) and one over
the Greenland ice sheet (center), both in HH polarization. fo
∗
is here estimated by averaging the values of fDca
within each
subswath. With a perfect antenna model for the Doppler shift
prediction, the range bias should be zero (disregarding the
residual error term fΔ ). However, it is here seen to vary with
elevation angle (frb = frb (γ)). The shift of up to 1◦ in the
elevation angle of Amazon and Greenland data is caused by
the difference in mean topographic height between the imaged
areas (2540 versus 140 m above sea level for the given examples). As a consequence, it is possible to use Doppler centroid
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Fig. 6. Locations of two example scenes (first subswath) in HH polarization over (left) the Amazon rain forest and (center) the Greenland ice sheet from
∗
January 21 and 28, 2010, respectively. The right panel shows the range bias fDca
− fo in the first subswath plotted against elevation angles γ.

∗
Fig. 7. Coverage of repeated image acquisitions over (left) the Amazon used for stability analysis. The center panel shows the Doppler centroid anomalies fDca
(in hertz) after averaging along azimuth. The scenes are overlapping and are acquired in descending pass configuration (continuous rectangle in the left panel)
covering the same area at 70-day separation (two repeat track periods). The right panel shows differences between (o) ascending, () descending and ascending,
and (∗) descending pass for scenes at three- and nine-day separations. These scenes do not cover the exact same areas (dashed–dotted rectangles in the left panel).
Note that the scales of the y-axes in the center and right panels are different.

anomaly data covering land at any location to estimate frb (γ)
by a curve fit to the measured data (γ, frb ). The values of frb at
γ(h = 0), where h is the topographic height, can then be used
to find the range bias over the ocean.
For checking the correction ability, we now form bias differences of one scene with another scene of some temporal separation. The left panel of Fig. 7 shows the coverage of repeated
ASAR WSM scenes acquired over the Amazon in 2009 and
2010. The scenes are selected because of the uniform backscatter from this area, hence allowing fpe to be examined with minimum distortion from the azimuth bias. In the center panel of
∗
is compared between
Fig. 7, the Doppler centroid anomaly fDca
three pairs of scenes acquired at 70-day separation. This corresponds to two repeat track periods. Hence, the surface geometry
and the satellite attitude angles are potentially unchanged.
Large variations are seen both as constant offsets within each
subswath and also as relative variations along range. These are
mainly caused by reprogramming of the excitation coefficients
of ASAR TR modules and the resulting effect on electronic
mispointing (the antenna pattern) in March [29]. The right panel
of Fig. 7 shows differences in three pairs of scenes at threeand nine-day separations. Here, both the offsets and the range
relative variations are much smaller (within 5 Hz). Differences
are here caused by changes in the antenna pattern related to minor failures and/or drift of the TR modules, as well as errors in
satellite position and attitude used to predict the Doppler shift.

TABLE I
∗
C OMPARISONS OF fDca
− fo OVER THE A MAZON F OREST

A removal of the mean offset over land in each subswath is a
simple first-order correction to remove Doppler shift prediction
∗
. Table I thus
errors from the Doppler centroid anomaly fDca
presents rmsds from the comparisons in Fig. 7 after subtracting
the mean offset in each subswath of each scene. These numbers
represent a measure of the temporal stability of the antenna pattern, and we see that, within short time periods (e.g., three and
nine days), this pattern appears stable within 1–2 Hz. Within
longer periods, however, the risk of significant variations of the
antenna pattern increases. Between April 1 and June 10, 2010,
the rmsd reaches 2.6 Hz, and with occasional antenna resets
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(e.g., March 2010), the changes are even larger. Since the range
bias is related to the antenna pattern, any data to estimate this
bias in a given scene should therefore be acquired as close as
possible in time. The antenna pattern should also be monitored
for any sudden changes due to antenna resets or other electronic
failures.
Two methods (see Fig. 1) have been developed to estimate
fpe . Common to these is the use of reference data for which
the geophysical Doppler shift is assumed zero, such as over
land. However, very often, some of the subswaths within a
SAR scene do not cover land. It is then possible to utilize
ocean data corrected for the wind-induced Doppler shift fw
as an approximate zero level. In [17] and [30], it was found
that wind-induced short-period waves contribute the most to
the Doppler anomaly signal in areas of insignificant surface
current. An empirical model, called C-band Doppler (CDOP)
shift model, has been developed to provide the wind-dependent
Doppler shift fw from the wind speed and direction with respect
to the antenna look direction [31], [32]. This model is thus
the counterpart of C-band MODel function [33], which relates
NRCS to wind. If there is insufficient land cover within a
scene, an approximation to the zero geophysical Doppler shift
reference level can thus be found by subtracting the modeled
wind contribution from the Doppler centroid anomaly over
ocean. This has the consequence that observations are biased
toward wind model and any residual surface current. The CDOP
model is presently only available for VV polarization, and the
HH data presented here are therefore corrected strictly by the
use of land cover.
In the following, the two approaches computing fpe directly
[method (i)] or via frb and fo [method (ii)] from land cover
and/or modified ocean cover are presented (see Fig. 1). Since
∗
∗
= fDca
(γ) and γ = γ(h), we introduce a general requirefDca
ment not to use land above 200-m height above sea level for
the estimation of fpe with method (i) and fo with method (ii).
The 200-m limit is selected as a compromise to get accurate
Doppler shift estimates from acquisitions covering land areas
at low height and to obtain a statistically significant amount of
data optimally corrected by land reference. As such, the choice
of height is therefore not definitive and could be changed for
different acquisitions, depending mainly on the coverage. For
the purpose of the accuracy assessment in this paper, however,
it is better to keep the height limit consistent. Moreover, if there
is insufficient reference data over land, CDOP is used to correct
∗
over the ocean for the wind contribution.
fDca
Method (i): The simplest estimate of the Doppler shift prediction error (lower left rectangle of Fig. 1) is an average of
zero level reference data along azimuth (constant range and
elevation angle)
Ny
1  ∗
fDca (k, l)
fpe (k) =
Ny

7

Combining (2), (6), and (10), the geophysical Doppler shift
can now be expressed as
∗
− fpe − fΔ
fg = fDca

(13)

where fΔ is the residual error.
Method (ii): An alternative method to remove errors in the
predicted Doppler shift is represented by the lower right
rectangle in Fig. 1. This method uses reference data from
scenes within a given time interval (e.g., ±3 days) before
and/or after the acquisition. This provides more land cover
and thus less use of ocean cover corrected for wind contribution. The selected scenes must first be corrected for
the mean offset fo to provide a basis for the calculation
of range bias dependence on elevation angle. This is here
performed strictly by the use of reference data from land
cover below 200-m height above sea level. If there is
insufficient reference data in any of the scenes, they are
discarded. Since the number of pixels over land can vary
between azimuth lines, the mean offset is calculated by
averaging first along azimuth, then along range in each
subswath of each nearby scene
fo =

Ny
Nx
1  ∗
1 
fDca (k, l)
Nx
Ny
k=1

(14)

l=1

where Nx = 20 is the number of azimuth lines in every
subswath and Ny is the number of reference pixels along
azimuth. Primed parameters denote that this yields nearby
scenes, only used for the estimation of frb (γ). By curve
fitting, the offset corrected data are now used to give the
range bias as a function of elevation angle
∗
− fo )
frb (γ) = F (γ  , fDca

(15)

and the mean offset in the present scene is found by
averaging
fo =

N
1  ∗
[f (n) − frb (γ (h(n)))]
N n=1 Dca

(16)

where n denotes the indices of reference pixels and N
is the total number of reference pixels in each subswath.
Since the offset estimate in method (ii) is an average of
all available reference data, fewer pixels are needed than
with method (i). Compared to method (i), this method
therefore more often succeeds by using reference data
strictly from land cover. Combining (11) and (13), the
geophysical Doppler shift (lower right part of Fig. 1) is now
expressed as
∗
− frb − fo − fΔ .
fg = fDca

(17)

(12)

l=1

where k denotes the range indices in the set {1, 2, . . . ,
100}, l denotes the azimuth indices of reference pixels,
and Ny is the number of reference pixels along azimuth.
Reference data are therefore required in every azimuth line.

Fig. 8 shows the geophysical Doppler shift with residual
error term fΔ after correction of the azimuth bias and prediction
error, using method (i). In this case, the land cover below 200-m
height above sea level was insufficient, and ocean data corrected
for wind contribution were used. With method (ii), however,
subswaths 1 and 2 covered sufficient land (not shown). The
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TABLE II
rmses OVER L AND —VV P OLARIZATION

TABLE III
rmses OVER L AND —HH P OLARIZATION
Fig. 8. Doppler anomaly grid from Fig. 5, after correction of errors in the
predicted Doppler shift using method (i). The white regions are data flagged
invalid. Positive (negative) fDca means motion toward (away from) the radar
antenna.

white regions in Fig. 8 are flagged invalid either because of
proximity to land, strong azimuthal NRCS gradients, or NRCS
below −20 dB, which makes the interpretation of fg highly
uncertain.
The geophysical Doppler shift with residual error fΔ shown
in Fig. 8 is much smoother and more coherent than the starting
point shown in the right panel of Fig. 2, and the rms offset
over land is here 6.5 Hz. Over the ocean, we find bands of
range-directed positive and negative frequencies corresponding
to motions toward and away from the sensor. These bands correspond to the Agulhas current and the Agulhas return current
with velocities reaching up to 2.5 and 1.5 m/s, respectively. The
sea surface range Doppler velocity VD with residual error VΔ
can now be calculated by
VD + VΔ = −

π(fg + fΔ )
.
ke

(18)

Both wind-generated waves and current contribute to this quantity. However, separation of VD into contributions from these
parameters is out of the scope of this paper but is discussed in
other papers referred to in Section I.
IV. R ETRIEVAL ACCURACY
Since the geophysical Doppler shift should be zero over land,
the deviation of fg + fΔ from this zero is an estimate of the
residual error fΔ . In this section, we examine this deviation
expressed by rmses over land below 200-m height. A total of
866 and 863 acquisitions in VV and HH polarizations over the
Amazon forest and other areas around the globe are analyzed.
The number of corrected scenes using the different methods and
the corresponding rmses, expressed as frequencies (fΔ ) and
range Doppler velocities (VΔ = |πfΔ /ke |), are summarized in
Tables II and III. Note that, due to varying land cover between
image subswaths, one scene can be corrected with more than

one method, or it may have been disregarded. This causes a
difference between the number of analyzed files (866 and 863
for VV and HH, respectively) and the sum of the number of
files in the third columns of Tables II and III. The fourth table
columns provide the total number of pixels which was used to
estimate the rmses. To avoid outliers, pixels deviating from the
mean by more than three times the standard deviation have been
removed prior to rmse calculation. In VV polarization, separate
estimates are also provided for scenes which were corrected
from ocean data corrected for wind contribution to find the zero
level of fg . These corrections were only performed when there
was insufficient land cover in the scene, and consequently, the
wind corrections are more abundant with method (i). It is also
seen that the number of (corrected) scenes in HH polarization
is very low compared to the number analyzed (863). The
HH data used in this study cover mainly latitudes above 65◦
north, with a large abundance of scenes over the Fram Strait
between Greenland and Svalbard. Unless the scenes are very
long, the land cover in this data is usually over Greenland at
high altitudes (> 200 m). The estimation of fpe with method
(i) and fo with method (ii) is therefore not performed for a
large number of scenes. Corrections of ocean cover with a
CDOP model for HH polarization will, however, provide more
corrected data in the future.
As expected, the rmse over land is least for scenes over the
Amazon forest where the error term fσ0 is the smallest. The
rmse over other land areas is about 1.5–2 Hz larger than that
over this area. For VV polarization, the overall rmse is 4.7 Hz
with method (i) and is 4.9 Hz with method (ii). When the
zero Doppler shift reference level is estimated over ocean, the
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V. S UMMARY AND C ONCLUSION

Fig. 9. Accuracies of range Doppler velocities in VV polarization estimated
by methods (i) and (ii), projected to the horizontal plane. Corresponding rmses
[in hertz] are given to the left of the graphs for each method.

corresponding numbers are 5.3 and 7.5 Hz. In this case, there
is very poor land coverage, particularly when method (ii) has
been applied. The statistical significance of the accuracy results
for this data is therefore lower than that corrected purely by the
use of land. For HH polarization, the rmses are 3.9 and 4.0 Hz
for methods (i) and (ii), respectively. This may indicate that HH
is more attractive for the use of the SAR Doppler shift method.
However, since scenes in HH and VV are generally acquired at
different latitudes and due to different scattering mechanisms
over land and ocean, we will not draw any conclusions on this
difference. Based on these findings, we therefore suggest the
following order of priority for the correction of errors in the
predicted Doppler shift:
1) Method (i) using land cover;
2) Method (ii) using land cover;
3) Method (i) using wind correction over the ocean;
4) Method (ii) using wind correction over the ocean.
The 200-m height limit for land correction is a rather strict
requirement which limits the data amount properly corrected
for these biases. Method (i) therefore often fails unless wind
correction is applied. With method (ii), however, certain areas
with poor land coverage, for instance the northern and central
North Sea and the Norwegian Sea, may still be well corrected
for the errors in predicted Doppler shifts.
Fig. 9 shows the rmses of range Doppler velocities (VV
polarization) calculated with methods (i) and (ii), projected to
the horizontal (VΔ,horizontal = VΔ / sin θ), and plotted against
incidence angle θ. To reach a surface range Doppler velocity
accuracy of 30 cm/s or less along the horizontal, methods (i)
and (ii) using reference data over land therefore require the
use of incidence angle above 26◦ and 27◦ , respectively. The
corresponding limit for scenes corrected with reference data
over the ocean is 30◦ [method (i)]. Note that the comparison between range surface current calculated from fDca
[method (i)] and surface Lagrangian drifter velocities reported
by [19] also provided rmsds between 20 and 35 cm/s for
incidence angles above 30◦ . This is in consistence with the
results shown in Fig. 9.

This paper has described the processing steps needed to
retrieve estimates of a geophysical Doppler shift from Envisat
ASAR WSM level-1b products. The basic assumption is, in
this respect, that the subtraction of geometrically predicted
Doppler shifts from measured Doppler centroid frequencies can
be performed to retrieve a Doppler centroid anomaly which can
be related to sea surface motion. This method has been demonstrated by other authors with promising results. However, the
Doppler centroid anomaly contains some known biases which
partly distort the retrieval accuracy of the Doppler centroid
anomaly, and need to be removed. In this paper, we have looked
at the processing scheme in closer detail with specific attention
to error corrections (see Fig. 1). Following the retrieval of a
Doppler centroid anomaly, the processing scheme is shortly
summarized as a correction of biases caused by variation of
NRCS along azimuth and a correction of biases caused by
Doppler shift prediction errors.
Two methods for estimating the biases caused by Doppler
shift prediction errors have been presented. Both methods
use reference data for which the geophysical Doppler shift is
assumed zero. Method (i) takes data from the present scene,
while method (ii) also uses data from scenes nearby in time
(±3 days). The accuracy estimates in Section IV showed that
using land cover with method (i) is preferred. However, for
scenes with insufficient land cover, the second method or ocean
data corrected for the wind contribution to the Doppler shift are
good substitutes.
The rmse of VV-polarized data corrected by method (i) with
land reference was found to be 4.7 Hz. This corresponds to
a horizontal Doppler velocity of 23 cm/s at 35◦ incidence
angle. In HH polarization, the corresponding number is 3.9 Hz,
which translates to a horizontal velocity of 19 cm/s at the same
incidence angle. Since scenes in HH and VV are generally acquired at different latitudes (HH typically above 65◦ north) and
due to different scattering mechanisms over land and ocean, we
do not draw any conclusions on this slightly better performance
for HH.
The use of the single-antenna Doppler shift method for
retrieving ocean range surface current velocity is a topic of
great interest and is discussed in detail in [18] and [19]. In
this respect, we calculate the rmses of surface range Doppler
velocities projected to the horizontal in Section IV. It is shown
that a horizontal accuracy of 30 cm/s or less requires the use of
incidence angles above 26◦ and 27◦ with methods (i) and (ii)
(land reference), respectively. The geophysical Doppler shift
from SAR also provides an additional source of wind information to reduce the wind direction ambiguity in the inversion of
high-resolution wind fields from SAR imagery, as discussed in
[17], [32], and [34]. ASAR WSM Doppler shift products are
routinely processed [method (i)] in near real time at CLS from
the Envisat rolling archive and are freely available for download
at the Soprano ocean product Web site of CLS.2
Envisat ASAR was not designed to provide the Doppler centroid as a source of geophysical information. In 2013, ESA will
2 http://soprano.cls.fr
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launch a new C-band SAR mission with the Sentinel-1 satellite.
The Doppler velocity will here be provided as an official
product with higher accuracy and improved error correction.
This will be accomplished by improving the accuracy of the
Doppler centroid estimate and by the use of a precise antenna
model to estimate electronic mispointing and related Doppler
shift variation with elevation angle within each subswath. The
potential for applications of the single-antenna Doppler shift is
therefore likely to improve in the near future.
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Institut Français de Recherche pour l’Exploitation de la Mer, Plouzané, France
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Abstract
A radar imaging model including a Doppler shift module is presented for quantitative
studies of radar observations of wave current interaction in a strong tidal current regime.
The model partitions the Doppler shift into the relative contribution arising from the motion
of the backscattering facets including Bragg waves, specular points, and breaking waves that
are advected by and interact with the underlying surface current. Simulated and observed
normalized radar cross sections and Doppler shifts for different environmental conditions and
radar parameters are compared and discussed.
Keywords:
SAR, tidal current, waves, Normalized Radar Cross Section, Doppler velocity
1. Introduction
Airborne and spaceborne radar measurements at slanting incidence angles offer a method
to map the ocean surface roughness linked to surface wind, waves and current, as well as to
the presence of surface contaminants. Current shears affect the surface roughness leading
to radar intensity-detectable patterns. To help quantitative analysis of Synthetic Aperture
Radar (SAR) measurements over the ocean, Kudryavtsev et al. (2005) and Johannessen
et al. (2005) proposed a practical Radar Imaging Model (RIM) of surface current features
based on the Normalized Radar Cross Section (NRCS) model by Kudryavtsev et al. (2003a).
Revised and re-submitted to Remote Sensing of Environment
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Statistical properties of the sea surface result from a solution of the energy balance equation
(e.g. Hughes (1978); Thompson (1988); Lyzenga and Bennett (1988)) where wind forcing,
viscous and wave breaking dissipation, wave-wave interactions, and generation of shorter
waves by breaking waves of longer scales are accounted for. The latter mechanism is described
by Kudryavtsev and Johannessen (2004), and although it does not significantly alter the
background spectrum, it plays a crucial role in the context of wave modulations by surface
current (Kudryavtsev et al., 2005). The RIM thus consists of a particular decomposition
of the sea surface into a regular wavy surface and a number of breaking zones. Radar
scattering from the regular surface is described within the frame of the composite model
combining specular reflection and resonant (Bragg) scattering waves with local tilting effects
due to longer underlying waves (e.g. Plant (1986); Donelan and Pierson (1987); Romeiser
et al. (1994); Romeiser and Alpers (1997)). The contribution from breaking waves can
be described as specular reflections from very rough wave breaking patterns and is taken
proportional to the fraction of the sea surface covered by breaking zones based on wave
breaking statistics proposed by Phillips (1985).
Using Envisat Advanced SAR (ASAR) observations, Chapron et al. (2005) demonstrated
the capability to use the Doppler centroid information embedded in the radar signal to
map surface velocity, including wind-generated waves and current, from SAR images. The
difference between a predicted Doppler shift based on precise knowledge of the satellite
orbit and attitude, and the Doppler centroid frequency estimate in this case represents the
geophysical Doppler shift experienced from the moving ocean surface. This geophysical
Doppler shift in turn reflects the line-of-sight velocity of the scatterers, weighted by their
contribution to the backscattered power (Romeiser and Thompson, 2000). The retrieval and
subsequent error correction of the geophysical Doppler shift from the ASAR Wide Swath
Medium resolution image (WSM) product is presented in Hansen et al. (2011a) where the
accuracy of the geophysical Doppler shift is found to be about 5 Hz. This corresponds to
a horizontal surface velocity of 20 cm/s at an incidence angle of 40◦ , and 40 cm/s at an
incidence angle of 20◦ . As such, the accuracy is still an issue in single scenes, although
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temporal averaging has been shown to capture the mean circulation in e.g. the Agulhas
region (Rouault et al., 2010) and in the Norwegian Sea (Hansen et al., 2011b). The range
Doppler velocity is not a direct surface current measurement, but the use of Doppler shift
observations can help to provide valuable insights into the mesoscale dynamics to more
quantitatively interpret high resolution radar roughness changes. The RIM model extended
with a Doppler shift module was first presented by Johannessen et al. (2008) and follows the
concept in RIM by treating the Doppler shift as a result of the partial contributions from
the regular surface and breaking waves.
The objective of this paper is to further assess and demonstrate the combined approach
to SAR image interpretation based on the use of both Doppler shift and RIM analysis. In
Section 2, the Doppler shift equations and RIM are consistently combined into the Doppler
Radar Imaging Model (DopRIM) as done in Johannessen et al. (2008), however, with a
more detailed description of the contributions from the different scattering mechanisms. We
do not consider SAR imaging artifacts such as e.g. velocity bunching. Model calculations
providing total and partial contributions to the range Doppler velocity from each type of
the scattering mechanisms for varying incidence angle and wind speed are presented in
Section 3.1, including a comparison to the observed range Doppler velocity signal from
ASAR WSM acquisitions over the Norwegian Sea. In Section 3.2, DopRIM calculations for
a situation of strong tidal current in the Iroise Sea outside Brest, France, are compared to the
NRCS and range Doppler velocity from an ASAR Single Look Complex (SLC) acquisition
on 5 October 2005. Section 4 provides the summary and conclusion.
2. The DopRIM Approach
The Doppler shift of the radar backscatter from a moving target is given by fD = −kR v/π,
where kR is the radar wavenumber, and v is the line-of-sight velocity of the target (defined
positive if directed away from the radar). Following a two-scale decomposition, it is suggested
that the sea surface consists of an ensemble of small-scale scattering facets (with local NRCS
σ0 ) which cover a large scale surface formed by superposition of longer surface waves. These
scattering facets experience vertical and horizontal movements due to the longer surface
3
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waves, resulting in a spatially variable σ0 over the large-scale surface. In this case, the
average Doppler shift reads (Romeiser and Thompson, 2000; Chapron et al., 2005):
(u sin θ − w cos θ)σ0 (θ + ∆θ)
πfD
=−
.
kR
σ0 (θ + ∆θ)

(1)

Here, u and w are the horizontal and vertical velocities of the scattering facets in the radar
incidence plane, and ∆θ is the local modification of the incidence angle θ due to waves. The
geometry in (1) is illustrated in Fig. 6 of Chapron et al. (2005). Following Johannessen et al.
(2008), each parameter on the right side of (1) can be split as y = y + ỹ, where bar and tilde
denote spatial mean and wave induced modulations. The latter is of order ǫ, where ǫ is the
steepness of the modulating longer waves. To the second order of ǫ, (1) gives the following
expression for the mean horizontal (ground) range Doppler velocity, VD :
VD = −

1
πfD
w̃σ̃0 ũσ̃0
= cf + u s −
·
+
,
kR sin θ
tan θ σ0
σ0

(2)

where cf is the mean velocity of the scattering facets relative to the surface current, us is the
surface current including wind drift, and ũ and w̃ are components of the orbital velocities
of surface waves carrying the facets in the radar incidence plane. The last two terms on
the right hand side of (2) describe the net contribution from the correlation of local NRCS
variations with wave orbital motions. Following a general approach, RIM explains the local
NRCS variations by changes of the local surface tilt and hydrodynamic modulation of the
scattering facets, expressed as
σ̃0 = ∆θ

∂σ0
+ σ̃0h ,
∂θ

(3)

where ∆θ = −(ζ1 cos φR + ζ2 sin φR ), φR is the radar look direction, and ζ1 = ∂ζ/∂x1 and
ζ2 = ∂ζ/∂x2 are components of the sea surface slope in an arbitrary coordinate system
(x1 , x2 ). Note that we have ignored the effects of surface tilt out of the incidence plane in
(3) which is of order O(ǫ2 ), i.e. much less than the remaining terms which are of order O(ǫ).
Invoking ζ = AeiΦ as the vertical displacement of the surface by harmonic modulating waves
(Φ = Kj xj − Ωt, Kj , Ω and A are phase function, wavenumber, frequency and amplitude
correspondingly), the amplitude of the wave quantities in (2) and (3) can be written as:
4
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ŵ = −iǫC, ûj = κj ǫC, ζ̂j = κj ǫ, and σ̂0h = σ 0 ǫMfh for j = {1, 2}, where C = Ω/K is
phase velocity, ǫ = AK, κj = Kj /K is the unit wavenumber vector of the modulating
wave, and Mfh is the hydrodynamic Modulation Transfer Function (MTF) for the facets (see
e.g. Kudryavtsev et al. (2003b)). In general, the hydrodynamic MTF is a complex number,
h
h
h
Mfh = M1f
+ iM2f
, where the real part, M1f
, describes correlation of a scattering facet’s
h
modulations with the surface elevation, and the imaginary part, M2f
, describes correlation

with the surface slope.
If the scattering facets travel along a large-scale surface composed of a wide spectrum of
long waves with K < KL , where KL is the spectral cutoff linked to the scale of the facets,
equation (2) can be written as
VD = us + cf + cTf H s2L ,
R

where s2L =

(4)

K −2 B(K)dK is the Mean Square Slope (MSS) of the large scale surface

K<KL

and cTf H is the contribution of long waves through tilt and hydrodynamic modulation of the
facets:

Z
cTf H

=




h
h
cot θ CK −2 B(K)dK/s2L ,
(−Mft cot θ + M1f
) cos(φR − φK ) + M2f

(5)

K<KL

where Mft = ∂(ln σ0 )/∂θ is the tilt MTF, B(K) is the 2D saturation spectrum of large-scale
waves, and φK is the direction of K. As follows from (5), the two first terms (tilt and real
part of the hydrodynamic MTF) provide changes of sign in cTf H when the radar look direction
varies from down- to upwind. On the other hand, the effect of facet-slope correlation (third
term in (5)) does not depend on radar look direction, and should provide down- and upwind
asymmetry in the range Doppler velocity.
If Bragg scattering is the dominant scattering mechanism, then (4) with (5) corresponds
to the model developed by Romeiser and Thompson (2000). For long quasi-monochromatic
waves that travel along the radar look direction, (4) and (5) combine to
V D = u s + cf +


ǫ2 c 
h
h
(−Mft + M2f
) cot θ + M1f
,
2

which also corresponds to equation (B16) suggested by Chapron et al. (2005).
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Yet, to be fully consistent with previous efforts (Kudryavtsev et al., 2003a, 2005) the
NRCS of the sea surface, σ0p , must also incorporate facets corresponding to wave breaking
zones, such as the proposed decomposition:
p
σ0p = σ0r
(1 − q) + σ0b q,

(7)

p
where σ0r
corresponds to the facets formed by the ”regular” surface (at p = Vertical transmit-

Vertical receive (VV) or Horizontal transmit-Horizontal receive (HH) polarization), and σ0b
corresponds to very rough facets such as wave breaking zones covering the fraction q of the
p
sea surface. Accordingly, σ0r
is described within the frame of the composite model combining
p
p
2-scale Bragg scattering and specular reflections: σ0r
= σsp + σbr
. In this model, the radar

returns from breaking waves are not polarized, as a Kirchhoff-like term, and can also be
simply approximated as specular reflections. In consequence, we are in the following dealing
with three types of scattering facets (Bragg waves, specular points and breakers), and their
contribution to the Doppler velocity is considered below.
2.1. Some background properties of RIM
Each of the scattering mechanisms in (7) depends on the radar parameters and the
p
p
wind speed, and their partial contributions to σ0p defined as: Pbrp = (1 − q)σbr
/σ0p , Psp
=
p
= qσwb /σ0p for Bragg, specular and wave breaking, respectively.
(1 − q)σsp /σ0p , and Pwb

Example calculations of these quantities are shown in Fig. 1 for wind speeds of 5, 10, and
15 m/s in VV and HH polarization. As expected, pure specular reflection dominates the
radar return at low incidence angle (< 20◦ ) for both polarizations, while the relative role of
non-Bragg scattering (specular reflection from the regular surface and very rough facets) is
stronger in HH than in VV at moderate incidence angle (> 20◦ ).
The polarization ratio is an important parameter indicating the role of non-Bragg scattering in the sea surface NRCS. Fig. 1(c), (f) and (i) shows the model C-band polarization
ratio for the sea surface at 5, 10 and 15 m/s wind for two types of scattering models: the
composite model (specular and 2-scale Bragg), as well as the full RIM including wave breaking statistics. The full model predictions are very similar to the experimental data, also as
6
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Figure 1: Partial contribution to the total NRCS of specular and wave breaking NRCS, and their sum, at
wind speed of 5 m/s (top row) 10 m/s (center row) 15 m/s (bottom row) in upwind configuration for VV
(left column) and HH (center column) polarizations. Areas above the solid lines correspond to the partial
contribution of Bragg scattering. The C-band polarization ratio for the sum of two-scale Bragg and specular
reflection, for the full model, and from ASAR WSM observations over the Norwegian Sea (note that the
average signal is here assumed to be wind dominated), is shown in the right column.

7

50

Papers

reported e.g. by Mouche et al. (2006), except for some overestimation at 5 m/s wind speed.
A significant deviation of the composite scattering model prediction from the observations
(similar to the full model) shows that the wave-breaking contribution plays an important
role, and must be accounted for in the Doppler shift model. This correction could, however,
in principle be more directly included using a more advanced scattering model (e.g. Mouche
et al. (2007a), Mouche et al. (2007b)).
2.2. Doppler shift estimate
The simplified RIM NRCS as given by (7), will contribute to Doppler shifts associated
with Bragg waves (f → br), specular points (f → sp), and breakers (f → wb). This
approach leads to the total range Doppler velocity
VD = u s +

X

Pjp (cj + cTj H s2L ),

(8)

where cj and cTj H are obtained for each of the scattering mechanisms, and s2L is the MSS of
the large-scale surface which is also different for each of the scattering mechanisms. Equation
(8) is the governing equation of DopRIM. The input statistics needed to calculate the range
Doppler velocity with (8) (e.g. various statistical properties of wind waves and different
characteristics of the radar backscatter) are essentially taken from the RIM, which was
described to detail in Kudryavtsev et al. (2005). We suggest that the surface wave field is
a mixed sea consisting of wind generated waves and swell. We also assume that swell and
wind waves are well separated in k-space, i.e. the peak wavenumber of wind waves, kp , is
much larger than the swell wavenumber: kp ≫ ksw . The phase velocity of the waves is given
p
by the dispersion relation, i.e. c(k) = ω/k = g/k + γk where ω is the wave frequency, g is
the gravitational acceleration and γ is the surface tension. This is used in the calculation of
the different contributions to VD , as further outlined below.
2.2.1. 2-scale Bragg
The velocity of facets corresponding to the Bragg waves is equal to the phase velocity
cbr = c(kbr ). The high-frequency cutoff, KL , of the large-scale surface in (5) then corresponds
8
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to the dividing wavenumber, kd , of the 2-scale Bragg model (KL = kd = dkR , with d = 1/4).
The tilt MTF for Bragg scattering in (5) corresponds to
t
Mbr
=

∂(ln σ0br )
.
∂θ

(9)

In the present study, the wave spectrum modulations (prescribing the hydrodynamic MTFs
for all types of facets in (5)) will be described in a simplified form, making use of the
relaxation time approximation (see e.g. Alpers and Hasselmann (1978); Phillips (1984)).
This accounts for the interaction of short waves with the orbital velocities of longer waves
only (see Kudryavtsev et al. (2003b) for a detailed discussion of the MTF problem). In this
case, the hydrodynamic MTF reads


1 − iτ
M (k, K) = −
1 + τ2
h



k1 ∂N(k)
,
N(k) ∂k1

(10)

where the “gradient” of the wave action spectrum N in (10) is
∂ ln N
1
∂ ln N
k1 ∂N(k)
= cos2 (φ − φK )
− sin(2(φ − φK ))
,
N(k) ∂k1
∂ ln k
2
∂φ

(11)

where k1 is the wavenumber component of the modulated waves, k, along the direction of
the modulating waves (with wavenumber K), φ and φK are, respectively, the directions
of short modulated and longer modulating waves, and τ is the dimensionless relaxation
parameter. The latter quantity is defined as τ = nβω/Ω, where β = cβ (u∗ /c)2 is the growth
rate of wind-waves, cβ is a constant related to the growth rate, Ω and ω are the frequencies
of the modulating and the modulated waves, respectively, and n is the exponent of the
spectrum in the parametrization of non-linear energy losses (see Kudryavtsev et al. (2003a)
for details). For practical applications, the “wavenumber exponent”, mk ≡ ∂ ln N/∂ ln k,
can be evaluated approximately as mk ≈ −9/2 (e.g. as for the spectrum suggested by
Phillips (1980)). Thus for a ”typical” angular distribution of the Bragg-wave spectrum (say
N ∝ cos φ), the second term in (11) is, in order of magnitude, less than the first one.
Moreover, the hydrodynamic MTF appears in (5) under the integral over the modulating
waves. Since the angular distribution of the large-scale surface (the range of equilibrium
gravity waves) is approximately isotropic, the integral of the “oscillating” second term over
9
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the direction of the modulating waves is assumed to be small relative to the integral of the
first term. Thus, hereinafter, the second term on the right-hand-side (rhs) of (11) is ignored.
For the Bragg-facets, the hydrodynamic MTF (10) is now reduced to


1 − iτbr
h
2
Mbr = mk cos (φR − φK )
,
2
1 + τbr

(12)

2
where φR is the radar look direction, and τbr
is the relaxation parameter taken at the Bragg

wavenumber. Thus, the effect of tilt and hydrodynamic modulations of Bragg waves on
the range Doppler velocity, VD , is described by a combination of (5), (9), and (12), with
kL = dkR (d = 1/4).
2.2.2. Specular Reflection
At low incidence angle (15◦ < θ < 25◦ ), the specular reflections from slopes of largescale waves with k < kd are important. The scattering facet velocity, csp , in this case
corresponds to the mean line-of-sight velocity of all facets with slopes providing specular
reflections (“mirror points”). An expression for the mean velocity of these facets can be
found in Longuet-Higgins (1957). In an orthogonal coordinate system (i, n) fixed to a radar
look direction (i and n axes along the incidence plane and normal to the incidence plane,
respectively), the mean velocity of the mirror points in the radar look direction reads
ci = (ζn ζt · ζi ζn − ζi ζt · ζn ζn )/∆2 ,

(13)

where ζi = dζ/di and ζn = dζ/dn are the sea surface slopes along and normal to the
incidence plane, ζt = dζ/dt is the time derivate of the sea surface elevation (i.e. the vertical
2

velocity of the sea surface), and ∆2 = (ζi ζi · ζn ζn − ζi ζn ) is the determinant of the covariance
matrix of the sea surface slopes. It is more convenient to rewrite (13) in terms of up- and
cross-wind surface slopes (i.e. ζ1 and ζ2 , respectively). Given that ζi = ζ1 cos φR + ζ2 sin φR ,
ζn = ζ2 cos φR − ζ1 sin φR , and that ζ1 ζ2 = 0 (the latter for wind waves only), (13) is reduced
to

ci = −

ζ1 ζt
ζ2 ζt
cos φR −
sin φR ,
ζ1 ζ1
ζ2 ζ2
10
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or finally, in terms of the wind wave saturation spectrum,
Z
Z
sin φR
cos φR
−2
cos(φK )CK B(K)dK + 2
sin(φK )CK −2 B(K)dK,
csp = 2
sLup
sLcr
K<kd

(15)

K<kd

where up- and cross-wind MSS of the ”large-scale” waves (s2Lup and s2Lcr , respectively) are
defined as

Z
[s2Lup , s2Lcr ]

[cos2 φK , sin2 φK ]K −2 B(K)dK.

=

(16)

K<kd

Contrary to the 2-scale Bragg scattering model, the specular reflections model does not
possess a spectral gap between short waves providing radar reflections, and longer wind
R
waves which would tilt and modulate these waves. As follows from (16), s2L = B(K)d ln K.
Thus, if the omni-directional spectrum B(K) is approximately constant (this corresponds to
wind seas), all the waves almost equivalently contribute to the MSS, and there is no reason
to introduce the effect of facet modulations by the dominant wind waves.
On the other hand, the existence of a mixed sea (swell plus wind waves) is very plausible
in the open ocean. In this case, the spectral gap between specular facets and modulating long
waves (swell) is obvious. We should therefore include the effect of swell on the range Doppler
velocities through tilt and hydrodynamic modulation of the specular facets – the term cTspH
in (8). Thus, the large-scale waves in (5) now correspond to swell. The tilt MTF in (5) is
t
h
then Msp
= ∂(ln σsp )/∂θ, while Msp
in (5) corresponds to the hydrodynamic modulation of
Rkd
the specular point density due to modulation of the MSS, s2L = K −2 B(K)dK, of the wind
kp

waves (reminding that kp is the spectral peak wavenumber of the wind-generated waves).
With the use of the well-known expression for σsp (see e.g. equation (10) in Kudryavtsev
et al. (2005)), the linear hydrodynamic MTF for σsp , due to modulations of the MSS, is
expressed as


h
Msp

=

tan2 θ
−1
s2L

 Zkd
M h (φ − φsw )B(k, φ)d(ln k)dφ/s2L ,

(17)

kp

h

where φsw is the swell direction, M is given by (10) with (11) where (we remind) the second
term on the rhs is omitted.
11
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The swell spectrum is normally very narrow, so its impact on VD through tilt and hydrodynamic modulation of specular points can be expressed as


t
h
h
cTspH = Csw cos(φR − φsw )(−M1sp
cot θ + M1sp
) + M2sp
cot θ ,

(18)

where Csw and φsw are the phase velocity and direction of the swell. The “long-wave”
2
MSS (i.e. the swell MSS) is here defined as s2L = A2sw Ksw
/2, where Asw and Ksw are swell

amplitude and wavenumber.
2.2.3. Wave Breaking
The distribution of breakers over the wave scales can be described in terms of Λ(c)dc,
which defines the length of wave breaking fronts per unit area with velocities ranging from
c to c + dc (Phillips, 1985). Assuming that the quantity k −1 Λ(c)dc is proportional to the
fraction of the sea surface covered by these breakers, the mean breaker velocity weighted
over all breakers (term cwb in (8)) reads
Z
Z
−1
cwb =
cos(φ − φR )ck Λ(c)dc/
k<kwb

k −1 Λ(c)dc,

(19)

k<kwb

where kwb = kR /10 is the wavenumber of the shortest breaking waves providing radar returns
(Kudryavtsev et al., 2003a).
Longer waves also tilt the breakers and modulate their surface density. It is thus assumed
that the wave breaking at wavenumber k is tilted and modulated by longer waves with
K < dk (where d = 1/4 as specified before). Following Phillips (1985), Kudryavtsev et al.
(2003a) suggested that Λ(c) is proportional to the saturation spectrum to the power (ng +1),
with ng = 5 in RIM. Therefore, the MTF for the breaking front surface density modulations
caused by longer waves with wavenumber K, reads
Zkwb
h
Mwb
(K) = (ng + 1)

M h (K, k)k −1 Λ(c)dc

K/d

Zkwb
M h (K, k)βB(k)d(ln k)dφ,

= (ng + 1)
K/d

12
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with M h defined by (10) with 11) where (we remind) the second term on the rhs is omitted.
In the second equality of (20), we have assumed that the velocity of the breaking crest of
a wave at given wavenumber approximately obeys the linear dispersion relation, and that
wave breaking provides most of the energy losses in wind waves. This is compensated by
the energy input from the wind (Phillips, 1985; Kudryavtsev et al., 2003a). The integral,
R
βB(k)d(ln k)dφ ∝ k 1+1/ng , converges rapidly at the upper limit of the integration. This
means that the main contribution to any wave breaking quantity is coming from the shortest
breaking waves, and there should be a spectral gap between the dominant breaking facets and
h
modulating longer waves. Recognizing that Mwb
(K) ∝ 1 − (K/dkwb )1+1/ng , the MTF in (20)

does not depend on the wavenumber of the modulating waves as long as K is sufficiently
small. A 2-scale model with an upper wavenumber limit, kL = kwb/10, for longer waves
which modulate the breaking facets, may therefore be introduced. This provides 70% of the
“available” hydrodynamic modulations of the breaking facets.
In order to further simplify the problem we mention that, in the range of short breaking
waves, the angular distribution of the wave spectrum is cos2/ng , which is significantly broader
than the angular distribution in β (∝ cos2 φ). This allows us to analytically evaluate integrals
over φ. Finally, the hydrodynamic MTF for breaking facets needed for (5) and (8) can, with
the use of (20), be written approximately as
Zkwb
h
Mwb
(K)

M h (k, K)k −1 βB(k)dk

= (ng + 1)
K/d

1
1 − iτwb
= − mk (ng + 1)(1 + 2 cos2 φK )
,
2
4
1 + τwb

(21)

where φ is the direction of the modulating waves with wavenumber K < kwb/10, and τwb is
the relaxation parameter estimated for breaking waves with k = kwb . This equation predicts
h
very strong modulation of the wave breaking with magnitude of Mwb
≈ 20. This estimate is

consistent with experimental findings reported by Dulov et al. (2002), as shown in Fig. 4 of
Kudryavtsev et al. (2003b).
Tilt and hydrodynamic modulation, cTwbH , of the breaking waves to VD is, thus, given by
(5) with the high-frequency cut-off of the modulating waves kL = kwb/10, the hydrodynamic
13
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MTF described by (21), and the tilt MTF given through the NRCS of wave breaking as
t
Mwb
= ∂(ln σ0b )/∂θ.

3. DopRIM Capabilities
We present the influence of varying incidence angle and wind speed on the range Doppler
velocity and the contributing scattering mechanisms in section 3.1. In section 3.2, we then
present a case study to compare model simulations with Envisat ASAR observations for a
situation of strong tidal current in the Iroise Sea outside Brest, France. In particular, we
investigate modulations associated to the impact of wave breaking.
3.1. Importance of incidence angle and wind speed
The model calculations presented in the following are performed for pure developed wind
seas, without swell, for a C-band radar. The total and partial contributions to the range
Doppler velocity at 5 m/s, 10 m/s, and 15 m/s wind speed for each type of the scattering
mechanisms are shown in Fig. 2. The velocity of the breaker-facets appears weakly dependent on incidence angle, with some excess at θ < 45◦ which results from tilting by larger
scale waves. This vanishes at larger incidence angles. An “undulating” shape of the curves
representing the partial contributions,

H)
P p (cj +cT
j
Pj p
H) ,
Pj (cj +cT
j

for each type of facets to the total range

Doppler velocity at 5 m/s, 10 m/s, and 15 m/s wind speed is a consequence of the partial
contribution of wave breaking fronts to the NRCS shown in Fig. 1 (which also demonstrates
a similar undulation, but less pronounced). This is to some degree considered as an artifact
resulting from slightly imperfect tuning of the wave breaking parameters, which was originally proposed by Kudryavtsev et al. (2003a) for a rather different purpose. The velocity of
the mirror points dominates VD at low incidence angle. At moderate incidence angle, the
effect of slightly rough facets play a dominant role in VV. For large incidence angles in HH
polarization (θ > 60◦ for 5 m/s and θ > 35◦ for 10 m/s or higher wind speed), the breakers
dominate VD . Their role in VV is less pronounced but approaches the contribution from
slightly rough facets at larger incidence angle and higher wind speed.
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Figure 2: Total (left column) and partial (center and right column) contributions Pjp cj + cTj H s2L and
Pjp (cj + cTj H s2L )/(VD − us ), respectively, for each type of facets at 5 m/s (top row), 10 m/s (center row), and
15 m/s (bottom row) wind speed. The center/right column is for VV/HH polarization. All plots are for the
downwind configuration.
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The dependence of the total range Doppler velocity, VD , on incidence angle for VV and
HH polarizations at wind speeds of 5 m/s, 10 m/s, and 15 m/s are shown in Fig. 3 for
both up- and downwind configurations. At low incidence angles (15 < θ < 25◦ ), the range
Doppler velocity is relatively large, with mean values reaching 37% (5 m/s), 30% (10 m/s)
and 26% (15 m/s) of the wind speed. This is much larger than expected from the phase speed
of the Bragg waves (about 0.3 m/s) and the wind induced surface drift (about 3% of the
wind speed), and it is thus evident that the contribution from other sources (i.e. the mean
velocities of specular and breaking facets, and the correlation between the orbital motion of
waves and the NRCS) must be accounted for. At larger incidence angles, there is a general
decrease in VD , except for HH polarization which reveals an increase in velocity at grazing
angles. This results from the growing role of very rough patches and their modulation of the
range Doppler velocity in HH. There is also a clear asymmetry between the range Doppler
velocity in the up- and downwind configurations. This illustrates the effect of the facet-slope
correlation (see (5)) which does not depend on the radar look direction.
As demonstrated in Johannessen et al. (2008), the present model compares well with
Doppler shift observations from global Envisat ASAR WSM data in VV and HH polarization
at incidence angles of 23◦ and 33◦ . This is further confirmed by the comparison of observed
and modeled range Doppler velocities in Fig. 3 for VV polarization. In HH polarization,
however, there is some overestimation of VD for the upwind configuration at 10 m/s and
15 m/s wind speed. This could probably be improved by a better model fit, but until
recently the amount of observed data in HH has been too low. Nevertheless, the non-Bragg
mechanism is seemingly well captured by the proposed approach, and greatly simplifies a
more advanced approach (e.g. Pedersen et al. (2004); Mouche et al. (2008)). The modeled
Doppler shift, here, displays a functional relationship with wind speed in good agreement
with the observations, particularly up to a wind speed of about 15 m/s. In the following
section, we compare modeled and observed Doppler velocities as well as the corresponding
NRCS for a specific case of wave-current interaction in the presence of strong tidal current
in the Iroise Sea outside Brest, France.
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Figure 3: Range Doppler velocities for VV and HH polarization versus incidence angle at wind speed of
5 m/s (left column), 10 m/s (center column), and 15 m/s (right column) in up- (top row) and downwind
(bottom row) configuration. 3% wind drift is included in VD . The observations represent the median range
Doppler velocities at the given wind conditions retrieved from nearly 2200 ASAR WSM acquisitions over
the Norwegian Sea from August 2007 to February 2011 (about 1200 in VV and 1000 in HH polarization,
respectively).
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3.2. NRCS and range Doppler velocity in the presence of strong tidal current
Provided the sea surface state including near surface wind and current is known, DopRIM simulations can be assessed and compared to SAR NRCS and range Doppler velocity
retrievals in order to improve the SAR image interpretation. Thanks to the availability of a
2-D numerical tide model (Le Nestour, 1993), the Iroise Sea (Brest coast, France) was chosen
as a test area for the DopRIM simulations carried out in two steps: (i) Calculation of the
components contributing to the NRCS and their modulations by the surface current with
use of RIM (described to detail in Kudryavtsev et al. (2005)), and (ii) calculations of the
range Doppler velocity field using (8) with the modeled NRCS field and the related statistical
properties of its components (after RIM simulations). Notice that the facet velocities, cj , as
well as the velocities cTj H describing the impact of tilt and hydrodynamic modulations on VD
via (8) are defined as weighted over the wave spectrum. Therefore they are weakly sensitive
to the wave spectrum modulations due to wave-current interaction. The governing effect
of wave-current interaction on VD appears via modulations of the MSS of the large-scale
surface, s2L , and redistribution of the contribution from the different scattering mechanisms
to the total NRCS, Pjp . In particular, enhancement (suppression) of wave breaking in the
current convergence (divergence) zones results in VD response via the partial contribution of
radar backscatter from breaking waves to the total NRCS.
Because of limited coverage of the numerical tide model, the resolution of the range
Doppler velocity from ASAR WSM acquisitions is too low to provide any reasonable comparison with the modeled NRCS and range Doppler velocity fields. However, by using the
phase and amplitude information in ASAR SLC data, we have estimated the Doppler centroid frequency using Madsen’s method (Madsen, 1989) and chosen a higher spatial resolution
(600 m in range direction and 1600 m in azimuth direction) than given in the range Doppler
velocity from the ASAR WSM products. The case we present here is one rare case where
high resolution current information is available coincident with an ASAR SLC image.
The surface current field (input for DopRIM) obtained from the numerical tide model
at the time of ASAR acquisition is shown in Fig. 4(a), and depicts large spatial variations
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with the current speed reaching up to 1.1 m/s in the gap between the islands in northwest.
The wind stress governing the short wind waves varies as the atmospheric boundary layer is
adjusted to the sea surface temperature and current. A modified resistance law, incorporated
in DopRim, relates surface friction velocity (u∗ ) to the geostrophic wind velocity (G) and
the surface current (us ):
u2∗ = CdG |G − us |2 ,

(22)

where CdG is the geostrophic drag coefficient depending on the atmospheric stratification
parameter, µ (see Kudryavtsev et al. (2005)).The friction velocity was obtained from (22)
for a geostrophic wind speed of G = 6.0 m/s from northeast (calculated from a wind speed
of 4.4 m/s at 10 m height following Kudryavtsev et al. (2000)) under neutral stratification,
and is shown in Fig. 4(b). As anticipated, the shape of the u∗ field is very similar to the
pattern of the current field. In particular, the strong southwesterly tidal currents, exceeding
1.1 m/s between the outer islands and to the north of the island, lead to significant drops in
the friction velocity.
These sea surface current and wind stress fields are input to the DopRIM simulations. The
simulated contrasts, defined as (Y (x, y) − Y0 )/Y0 where Y0 is the background signal induced
by wind stress, for the Bragg wave spectrum (Y = σbr ) and the MSS of large scale waves with
k < dkR (Y = s2L ) are shown in Fig. 4(c) and 4(d). The Bragg waves feel the divergence of the
current field, and also indirectly the surface current through the wind stress adjustment. The
Bragg roughness contrast is quite large (about 5 dB or more) near the outer islands. Since
the wind stress variation in this area is about 20% ([u∗,max − u∗,min ]/u∗,max ), we conclude that
the impact of the wind stress adjustment on the Bragg waves is much weaker (20% compared
to a factor 3, equivalent to 5 dB) than the impact from the enhancement/suppression of wave
breaking in the zones of surface current convergence/divergence. Indeed, the direct effect of
current changes to short waves is negligible owing to the weak relaxation rate and, thus, the
roughness modulation by intermediate wave breaking appears as the dominant source in the
presence of a current (Johannessen et al., 2005).
The pattern of the MSS contrasts, on the other hand, differs significantly from the Bragg
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Figure 4: Model tidal current (a) and resulting friction velocity (b), roughness contrast induced by the Bragg
wave spectrum (c), and MSS contrast of the large-scale waves (d) at 22:10 UTC on 5 October 2005. The
mean wind speed at 10 m height was 4.4 m/s from northeast.
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Figure 5: Observed (a) and simulated (b) NRCS on 5 October 2005 at 22:10 UTC. The ASAR data is in
VV polarization and was obtained in ascending pass. This is the fifth subswath (IS5), and the image sizes
are equal at about 38 × 38 km, which is a fragment of the full subswath image. The look direction is about
10◦ with respect to the east, with incidence angles (for the subset) ranging from 36.5◦ to 38.5◦ .

wave contrasts. Since the spatial scales of the relaxation of the long wind waves and the
current deformation is of similar order, the MSS field predominantly possesses a contrast
structure imposed by the large-scale patterns of the current field, such as the vorticity leading
to the focusing of the wave trains downwind of the islands.
Finally, the simulated NRCS (Fig. 5(b)) reveals a structure resulting from the combined
impact of Bragg waves, MSS, and wave breaking. Notice that for an incidence angle of about
37◦ in this specific case, the unperturbed background radar scattering is mainly provided by
Bragg scattering mechanism, while radar returns from breaking waves provide about 6% of
the total NRCS at the given wind speed (see Fig. 1). In particular, there is evidence of a
strong suppression between the islands and the enhancement downwind of the main island.
Compared to the ASAR image (Fig. 5(a)), the mean level of the NRCS is similar (−19 dB),
and the largest contrasts are depicted in the vicinity of the two outer islands in both images.
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Figure 6: Projection of model current on SAR look direction (a), contribution from the mean facet velocities
and the correlation between wave orbital motion and local NRCS variations (last two terms of (2)) to VD
(b), simulated VD (c), and observed VD (d) for the same acquisition as in Fig. 5. Note that the model wind
speed in the southwest part of the image is higher than that used for the DopRIM simulations (4.4 m/s).
This may explain the higher negative signal in the observed range Doppler velocity in the southwest. The
accuracy of the observed range Doppler velocity ((d)) is about 5 Hz, which corresponds to 22-24 cm/s at
these incidence angles.
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The range projected (horizontal) model current and the contribution of the surface roughness and its modulation to VD (see (8)) are depicted in Fig. 6(a) and 6(b), respectively. The
simulated and the observed range Doppler velocity is shown in Fig. 6(c) and 6(d). Distinct
anomaly patterns are clearly visible in both the simulated and observed range Doppler velocities in the channel between the two islands, with relative speeds ranging from about 1.5
to 2 m/s. Since the contribution from the surface roughness is significant, strong variability is encountered across the intense current gradient between the islands. This agreement
is promising and supports further use of DopRIM simulations in combination with ASAR
observations.
4. Summary and Conclusion
A radar imaging model (DopRIM) is described and shown to be useful in order to assist in the quantitative investigations of SAR imagery by consistently combining the RIM
(Kudryavtsev et al., 2005) with a Doppler shift estimation algorithm. The dependence of the
range Doppler velocity on radar parameters and sea state conditions arises via the projected
motions of the slightly rough facets, and the line-of-sight velocities of the specular points
and breaking crests, as well as the surface current. The strength of this approach lies in the
simplified but very efficient separation between the different scattering mechanisms.
Simulated NRCS and range Doppler velocities have been compared to corresponding
NRCS and Doppler velocities retrieved from Envisat ASAR WSM data over the Norwegian
Sea, as well as an SLC image. Although some discrepancies are revealed, the overall results
are encouraging as some inaccuracies in the model current field and near surface wind field
are expected. All in all, the results suggest a dominant impact of strong surface currents
and their modulation on both the radar-detected surface roughness and the range Doppler
signals.
As regular access to range Doppler velocity information and NRCS from ASAR acquisitions over a few selected sites is now possible, the only missing information mostly relates
to the limited access to independent surface current measurements for validation. Through
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such demonstration experiments, DopRIM could be better assessed and explored for transition from a research tool to an operational application in marine monitoring with SAR. Yet,
as the range Doppler velocity field, with improved accuracy, is becoming a standard feature
of the ground segment on approved and planned SAR missions (such as Sentinel-1), future
efforts shall be dedicated to assess the potential to better distinguish the different contributions to both radar signal strength and mean Doppler shift. In particular, the differing
polarization and/or incidence angle sensitivities can be useful to analyze and filter out the
non-Bragg contributions. Also, the combined range Doppler velocity and NRCS with a priori
model fields of surface wind, including wind shadowing by land, and current vectors shall
offer enhanced possibilities to build better constrained methodologies to more consistently
retrieve very high resolution ocean surface information. This will be the topic for future
works.
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ASAR

Advanced SAR

DopRIM

Doppler Radar Imaging Model

HH

Horizontal transmit-Horizontal receive

MSS

Mean Square Slope

MTF

Modulation Transfer Function

NRCS

Normalized Radar Cross Section

rhs

right-hand-side

RIM

Radar Imaging Model

SAR

Synthetic Aperture Radar

SLC

Single Look Complex
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Wide Swath Medium resolution image
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On the use of Doppler shift for sea surface wind
retrieval from SAR
A. A. Mouche, K.-F. Dagestad, F. Collard, G. Guitton, B. Chapron, J. Johannessen, V. Kerbaol and
M.W. Hansen

Abstract—The SAR Doppler centroid has been used to estimate the scatter line-of-sight radar velocity. In weak to moderate ocean
surface current environment, the SAR Doppler centroid is dominated by the directionality and strength of wave-induced ocean surface
displacements. In this study, we show how this sea state signature can be used to improve surface wind retrieval from SAR. Doppler
shifts of C-band radar return signals from the ocean is thoroughly investigated by co-locating wind measurements from the ASCAT
scatterometer with Doppler Centroid Anomalies retrieved from Envisat ASAR. An empirical geophysical model function (CDOP) is
derived, predicting Doppler shifts at both VV and HH polarization as function of wind speed, radar incidence angle, and wind
direction with respect to radar look direction. This function is used into a Bayesian inversion scheme in combination with wind from a
priori forecast model and the normalized radar cross section (NRCS). The benefit of Doppler for SAR wind retrieval is shown in
complex meteorological situations such as atmospheric fronts or low pressure systems. Using in-situ information, validation reveals
that this method helps to improve the wind direction retrieval. Uncertainty of the calibration of Doppler shift from Envisat ASAR
hampers the inversion scheme in cases where NRCS and model wind are accurate and in close agreement. The method is however very
promising with respect of future SAR missions, in particular Sentinel-1, where the Doppler Centroid Anomaly will shall be more
robustly retrieved.

Index Terms—Synthetic Aperture Radar (SAR), surface wind, Doppler.
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I. INTRODUCTION
Wind vectors over ocean are linked to the ocean roughness and the Normalized Radar Cross Section (NRCS) as detected by
active radar sensors such as scatterometers or Synthetic Aperture Radar (SAR).
Scatterometers provide daily global wind estimates which have made a unique and invaluable contribution to the continuously
improving accuracy of weather forecast models over the last decades. The relatively coarse spatial resolution of scatterometers
(order of ten kilometers) is still a limitation in coastal regions, where most human offshore activities are confined. Mesoscale
variations of wind, often induced by topographyeffects, are usually not resolved, and strong radar backscatter from land inhibits
wind retrieval closer than 25 km from the coast.
SAR systems, on the other hand, provide a spatial resolution of the order of tens of meters, to provide information even inside
narrow bays and fjords [1]. However, a SAR is a single antenna instrument, while the relationship between wind and NRCS
depends strongly on the radar look direction relative to the wind direction (e.g. [1]). Scatterometers can use a rotating antenna, or
several fixed antennas, to view a given area of the ocean from different directions, to help interpret the radar signal intensity and
directivity in terms of wind speed and direction. For SAR, the wind inversion becomes an under-constrained problem. The
simplest and most common solution is to estimate the wind speed by assuming the wind direction is known from a numerical
weather prediction (NWP) model or scatterometry measurements close in time. This works generally well offshore, where
gradients of wind directions are quite small, but is not always adequate in coastal regions where local effects are not properly
resolved by the forecast models. Moreover, in cases of rapidly changing meteorological situations such as wind fronts or
cyclones, a phase shift (in space and/or time) between prediction and actual situation often occurs, making this solution
inadequate. Another resource is to retrieve the wind direction from image processing of visible streaks on the SAR image, caused
by boundary layer rolls which are aligned with the wind direction [3]. This is not always satisfactory. The streaks are indeed not
always detectable, and non-wind related features may also give linear features on the image. To overcome these difficulties, a
scheme for an optimal retrieval of both wind components was suggested by [5] who introduced a statistical (Bayesian) method to
combine the NRCS as measured by SAR with both wind speed and direction from a NWP model.
Recently, a new resource for SAR wind inversion has become available. [6] demonstrated how the Doppler centroid anomaly
from ENVISAT ASAR could be used to retrieve geophysical information about both wind and sea surface current. Indeed a
residual Doppler comes from the line-of-sight motions of the surface scattering elements relative to the fixed earth. Only the
component along the SAR look direction is detected. The ocean surface current contributes to a degree which depends on the
relative velocities of the wind and currents, as well as their directions relative to the SAR look direction. After [6], a jointly
developed model to interpret both radar cross section and Doppler information has been reported by [7] and Doppler has been
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used to study strong surface current signatures [8]. This paper is the first study to focus on use of SAR Doppler Centroid
anomalies for wind retrieval.
In Section 2 we discuss the wind signature in the Doppler shift with respect to the radar configuration and present an empirical
function (CDOP) to relate wind intensity and direction to C-band Doppler shift. In Section 3 we describe a method to take into
account this Doppler information into a SAR wind retrieval scheme. In Section 4 this method is demonstrated for two SAR
images with complex wind conditions, followed by validation against in situ buoy measurements. Summary and further
perspectives are given in Section 5.

II. WIND SIGNATURE IN THE SAR DOPPLER CENTROID ANOMALY
A. Doppler shift from Envisat ASAR
The Doppler Centroid has been regularly available in Envisat ASAR WSM products as an auxiliary dataset since July 2007,
following the demonstration by [6] that it contains useful geophysical information. The Doppler Centroid is available with a
pixel spacing of about 8 km along the azimuth direction, and in the range direction varying from 8 km in near range to 3.5 km in
far range. By subtracting a modeled contribution due to the relative velocity of the satellite and the surface of the rotating Earth,
the residual Doppler shift reflects the radar detected motions relative to the fixed earth. Two strong biases mask the geophysical
information in the Doppler anomaly, and must first be corrected for.
One source of bias is due to the generally invalid assumption within the SAR processor algorithm that the NRCS is constant
along the azimuth direction within the area over which the Doppler Centroid is estimated. A post processing correction for this
"azimuth bias" is to adjust an empirical average linear fit between the Doppler Centroid values and the corresponding linear
gradient of NRCS in the azimuth direction. This azimuthal NRCS gradient is then mapped to a Doppler Centroid bias correction
and removed.
A second independent bias is due to the deviation of the actual azimuth antenna pattern from the theoretical antenna pattern used
within the SAR processor. The slowly time varying mispointing of the antenna leads to a bias which for a given SAR scene is
nearly constant for a given azimuth line (constant range). A first order correction for this "range bias" is obtained by subtracting
the average Doppler Centroid value for each azimuth line. This bias correction should ideally be estimated only over land pixels.
For many SAR scenes land pixels are not available for all azimuth lines, and for these cases a more complex correction method
has been developed (see [9] for details).
Due to this complex correction procedure, and the fact that the resulting anomaly is very small compared to absolute Doppler
Centroid values, the accuracy of the resulting Doppler Centroid Anomalies is a critical issue. As evaluated, a rough estimate of
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the accuracy is 5 Hz was found. It corresponds to a horizontal surface velocity of 20 cm/s at an incidence angle of 40 degrees,
and 40 cm/s at an incidence angle of 20 degrees. The contribution to the Doppler shift from (wind induced) ocean waves is
discussed in the next section.
B. Relationship between Doppler shift and wind
To perform wind inversion from the normalized radar cross section, empirical geophysical model functions (GMF) such as
CMOD (e.g. [10]) are normally used. Such functions relate the wind speed and direction (with respect to the antenna look
direction) to the NRCS with respect to radar configuration (radar wavelength, polarization and incidence angle). In this study, we
assess the variation of the Doppler shift as a function of wind and radar configurations, and a GMF for Doppler shift by colocating wind measurements at 10 m height from the ASCAT scatterometer (ASCAT 12.5 km wind product, [11]) with C-band
ASAR Doppler anomalies. We built a match-up database between wind speed and direction from ASCAT, collocated with
incidence angle and Doppler measurements from ASAR leading to 576830 and 113462 co-locations for VV and HH
polarizations, respectively. Figure 1 shows the behavior of the Doppler shift (a) with respect to incidence angle for a constant 7
m/s wind speed in upwind (wind blowing toward the antenna) and downwind (wind blowing away from the antenna) directions,
(b) with respect to wind speed for 30 degrees incidence angle and (c) with respect to azimuth angle for 20 and 40 degrees
incidence angle at 7 m/s wind.
In the absence of an underlying sea surface current, the Doppler shift induced by the near surface wind is the weighted
contribution of the surface displacements of all facets with respect to their contributions to the backscatter signal [6]. As for the
backscatter, the relative weight of the dominant propagating waves (larger and faster than smaller and slower Bragg waves) to
the total contribution of the Doppler shift increases with the wind. Thus, for a given incidence angle and wind direction, the
Doppler shift increases with increasing wind speed (see fig. 1 (b)). The contribution of the surface waves is expected to depend
also on the incidence angle. For a given wind speed, as the incidence angle increases, the relative importance of small scale
waves increases in the backscattering signal, and the Doppler shift decreases (see fig. 1 (a)). For a given incidence angle and
wind speed, the Doppler is also strongly dependent on the wind direction relative to the antenna look direction. The Doppler shift
reaches a maximum (minimum) in upwind (downwind) configuration and becomes zero when the wind is blowing in the azimuth
direction (see fig. 1 (c)). The Doppler shift is thus sensitive to the wind direction, which is particularly interesting for SAR wind
retrieval, as reliable wind direction estimates are rare. Doppler shifts obtained at HH polarization are always larger than at VV.
This is due to the increasing relative importance of the larger (and faster) scales for HH compared to VV polarization [7], [12]].
From the database of co-located ASAR and ASCAT measurements, we then developed an empirical function which relates the
Doppler shift at C-band to wind and radar configuration:

5.3 On the Use of Doppler Shift for Sea Surface Wind Retrieval from SAR

TGRS-2010-00981

79

5

.	
  	
  	
  	
  

(1)

The function, called CDOP, is developed using a 3 layer neural network and is based on the method outlined by [13]. The full
expression of the geophysical model function (GMF) and its coefficients are given in the Appendix. Doppler shift from CDOP is
plotted on Figure 1 as black lines and reproduces the data. For HH the RMS and mean difference between simulated and
measured Doppler are respectively 6.3 Hz and -1.6 Hz. For VV, we found 5.1 Hz and 0.1 Hz, respectively.	
  

III. WIND INVERSION
A. Theoretical Background

[5] first proposed a methodology combining SAR information with a priori information, taking into account that all sources of
information, both observations and models, may contain errors. Here, this method is extended to add the information contained
in the Doppler shift. Simultaneous observations of NRCS (
to the wind vector

) and Doppler (

) are assumed to be independent and related

by the CMOD and CDOP transfer functions, respectively. Following [5], we assume Gaussian errors for

observations, GMFs and the model information. This leads to a minimization problem for the determination of the maximum
probability to get a wind vector given

:

	
  

where

is the a priori wind vector.

,

and

(2)

are the Gaussian standard deviation errors for the NRCS, the

Doppler shift and the model wind vector. The zonal and meridional components of the wind vector
be independent, and the last term in Eq. (2) can be written as: 	
  

are assumed to
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(3)

To illustrate and discuss the contribution of each term of the cost function, we consider a hypothetical case with “true” wind
speed of 7 m/s and direction 60 degrees with respect to the antenna look direction. We assume that the model gives incorrect
wind field information (speed: 12 m/s, 15 degrees) as might be expected in complex meteorological situations with distinct wind
fronts. The terms of the cost function are computed and shown in Figure 2 for an incidence angle of 30° and wind components
ranging from -20 to 20 m/s. For the errors we chose

[14],

[9] and

m/s

[5].	
  

Darker shading means lower values of the cost function, i.e. a more likely wind vector. The white cross in Figure 2 indicates
the true “wind” situation. The white squares indicate the result obtained after minimization of the cost function. Figure 2 (a-c)
illustrate the contribution to the cost function from the NRCS, model and Doppler terms, respectively. When only the NRCS is
used to compute the cost function, there are several minima (elliptic shape) leading to an under-constrained problem. The
addition of the model term (Fig. 2 (b) and (d)) accounts for both wind speed and direction and their associated errors. When the a
priori information departs too much from the real wind situation, the Bayesian approach cannot compensate the error. As
illustrated in Fig. 2 (c), the use of Doppler shift alone would also lead to an under-constrained problem. On the other hand, as
illustrated in Fig. 2 (e), the NRCS and Doppler cost functions have distinct different shapes which complement each other. In
this case the number of possible solutions is dramatically reduced. Yet, ambiguities remain, and a priori information is still
needed in our inversion scheme. The total cost function (Eq. 2) is shown on Fig. 2 (f). All in all the comparison of results with
(Fig. 2 (d)) and without (Fig. 2 (d)) the Doppler term in the cost function illustrates how the Doppler shift helps to get better
winds.

As noticed by [15], the minimization can be re-formulated if the NRCS is assumed free of noise and if an inverse GMF is used
to relate radar configuration, NRCS and wind direction (with respect to the antenna look angle) to the wind speed:

	
  	
  	
  	
  (4)

This inverse GMF enables to determine the possible solutions
Thus, combining Eq. (2) and Eq. (4) the cost function becomes:	
  

(or

) for a given radar configuration and NRCS.
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  (5)

The space of solutions obtained with Eq. (4) in the context of the previous simulation exercise is presented by the white ellipse
on Figure 2.	
  

B. Application and validation
We have selected two cases of complex meteorological situations to illustrate the wind signature of the Doppler shift, and the
performance of the method outlined in Section 3. The NRCS and the Doppler shift in VV polarization from Envisat ASAR are
shown in Figure 3 together with ASCAT scatterometer winds for a case with an atmospheric front (upper panels) and for a low
pressure system (lower panels). The NRCS wind dependency is more driven by the wind speed than the direction, whereas
strong gradients of NRCS are generally associated with rapid changes of the wind direction on short spatial scales. Concerning
the Doppler shift, in agreement with section 2, there is expectedly a strong dependency on the wind direction relative to the
antenna look direction. For wind blowing along the azimuth direction, the Doppler signal due to wind vanishes and becomes
positive (negative) for wind blowing toward (away from) the radar. In addition, for a given direction, the Doppler shift increases
with wind speed. For an easier geophysical interpretation, the Doppler shifts are converted to surface radial velocity by the
relation:

,

where

is the radar wavelength and θ is the incidence angle.	
  

In the case of the atmospheric front (Fig. 3 (a-c)), ASCAT indicates that the wind blows from north-west and turns abruptly to
become south-easterly oriented. Comparing with ASAR NRCS, it can be observed that no matter the wind direction, the NRCS
increases with increasing wind speed. Near the front, strong ASAR NRCS gradients, ASCAT wind direction changes and radial
velocities sign switches are correlated. Thus, the combination of NRCS and Doppler, can give a qualitative indication about the
wind field structure for a given scene.
In the case of the low pressure system (Fig. 3 (d-f)), ASCAT wind exhibit a clear circular pattern of the wind due to the low
pressure system. The changes of sign for the radial velocities are consistent with this circular pattern. The sign is positive south
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of the low pressure center where the circulation of the flow is easterly, and negative to the north, where the flow is westerly. The
radial velocities are also in very good agreement with ASCAT wind field.

For both these cases, we compared three different schemes: (i) scatterometry approach where wind is calculated with the CMOD
function [10] and the wind direction is given by a model, (ii) the Bayesian scheme where only NRCS and model information are
used and (iii) the Bayesian scheme combining Doppler, NRCS and model. Results by using the cost function of Eq. (5) are
presented in Fig. 4. Comparison with the ASCAT wind fields clearly demonstrates the benefit of using the Doppler with NRCS
for wind inversion. When the Doppler shift is included, the wind pattern as obtained with ASAR compares very well with
ASCAT results. For the low pressure system, the circular wind pattern is well captured by SAR when Doppler is used (see Fig. 4
(f)). For the case with the atmospheric front, when Doppler is used, the location of the abrupt shift of wind direction is located
where there is a strong gradient of NRCS, in agreement with the ASCAT wind (see Fig. 4 (c)).

For a quantitative validation, we have co-located 103 SAR images with wind measured by NDBC buoy number 42056 in the
Caribbean Sea without any particular selection of meteorological situations. These cases do not correspond to any particular
complex meteorological situations, and the model is not expected to be dramatically wrong. The statistics of the results obtained
using the Bayesian scheme with and without the Doppler are shown in Table 1. The wind direction is much more accurate for the
scheme including the Doppler shift, with a RMS of 14 degrees, compared to 30 degrees for the same scheme without the Doppler
information. This improvement in the wind direction RMS is due to the few cases where the a priori information and the in-situ
measurement are strongly inconsistent. For the wind speed, we find in fact a slightly decreased performance when Doppler shift
is included. It is likely due to the high uncertainty of the Doppler centroid anomaly, as it is still to be considered as an
experimental derived quantity in the Envisat ASAR ground segment. In particular, when the a priori wind information and the
NRCS are very consistent, the use of Doppler anomaly can add noise to lower the performance the inversion scheme.
IV. CONCLUSIONS
Hitherto the investigations of the Doppler shift signals have mostly been conducted in areas with strong surface currents, such as
in the Agulhas Current, to derive and analyze estimates of the surface current [7]. But, as demonstrated by [6] the Doppler shift
anomaly results from a mixture of sea state displacements from the wind, waves and currents.
This study shows that the Doppler anomaly as measured by SAR at C-band is indeed wind dependent with respect to
polarization, incidence angle and antenna look direction. This dependency is found to be complementary to the NRCS. Using a
Bayesian scheme, we demonstrate how these two radar quantities, i.e. NRCS and Doppler anomaly, could be advantageously
used to increase the weight of the SAR data in the SAR wind inversion schemes. In particular, it is found that the high
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sensitivity of the Doppler to the wind direction is useful to retrieve more realistic wind patterns in cases of complex and rapidly
changing meteorological situations. Thus, for coastal wind regimes and extreme events such as hurricanes, typhoons and polar
lows where the SAR images may be co-located with incorrect a priori wind field information (especially the wind direction) the
incorporation of the Doppler shift will provide highly valuable information.
Today the Doppler shift is not provided as a geophysical product and is not routinely used for geophysical inversion by the
scientific community. Accordingly the precision requirements, which are a few Hertz for sea surface current estimation or wind
estimation, are not yet achieved. Additional correction steps must thus be performed. In particular, antenna characteristics have
to be more accurately known. Yet, the results found in this study are very encouraging. In particular, for future SAR missions
such as Sentinel-1, the Doppler anomaly will be a standard component of the L2 ocean product. The method will then benefit of
more accurate Doppler anomalies and a new improved version of CDOP could be developed. In the future, the Bayesian scheme
could further be improved by using a non-local inversion scheme and a better description of the errors probabilities.
New more accurate radar quantities are then foreseen to provide improved information for both wind field and surface current
inversions. Ideally, next refined step could thus be a more consistent synergic approach where the NRCS and the Doppler shift
information would be combined to derive improved estimates of both the near surface wind field and the sea surface currents
(using a priori routine atmosphere and ocean circulation model first guess). A complementary Doppler and NRCS capability may
be interesting for future scatterometer systems. Indeed, the multi-azimuth angular dependence associated with NRCS and
Doppler measurements would then allow better constraining the inversion problems.
APPENDIX
Doppler shift due to sea surface wind can be written as:
,
where

is the incidence angle in degree,

the wind direction with respect to the antenna look angle in radian (where π

(respectively 0) means wind blows toward (respectively against) the antenna. Thus, π/2 and 3π/2 means wind blows in direction
perpendicular to the antenna look direction.),
coefficients depending on polarization:

	
  and	
  

is	
  defined	
  as:	
  

the wind speed and pp denotes the polarization.

and

are two
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where	
  

	
  

and	
  

	
  
and

The set of coefficients for each polarization is given in the following table:
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TABLE I
STATISTIC OF VALIDATION EXERCISE PERFORMED AGAINST IN-SITU
MEASUREMENTS

Wind
direction
Wind speed

Bias [deg]
RMS [deg]
Bias [m/s]
RMS [m/s]

Without
Doppler
-1.52
30.0
-0.63
0.97

With
Doppler
-1.9
14.0
-0.68
1.24

TABLE II
SET OF

γi AND λij COEFFICIENTS FOR BOTH VV AND HH POLARIZATIONS
VV

γi
γ0
γ1
γ2
γ3
γ4
γ5
γ6
γ7
γ8
γ9
γ10
γ11
γ12
γ13
γ14
γ15
γij
λ00
λ01
λ10
λ11
λ20
λ21

87

HH

-3.69219775868
8.27012401721
0.781201843691
-0.935338913622
-4.67540331132
9.3449594671
-0.0607939433051
-0.412807394939
-4.610443938
8.26926310084
-1.18347370692
0.164786167328
-0.00480873919983
-8.05403418617
15.5307234385
-7.98591796934

2.0142624378204346
-4.8693265914916992
0.9386075139045715
-0.0852721482515335
4.6319222450256348
-10.4283027648925781
0.3407616317272186
0.0806721821427345
5.0958652496337891
-11.5654935836791992
-0.1223586127161980
0.1597522348165512
-1.5282540321350098
16.2011966705322266
-48.5902442932128906
36.9424018859863281

0.0264602264995
-0.279923114142
0.0390189520624
0.0313823857302
0.00194488744659
-0.025172122539

0.0265893805772066
-0.2826118767261505
0.0393922328948975
0.0290658418089151
0.0015562025364488
0.1499173641204834
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Abstract.
Sea surface range Doppler velocities from nearly 1200 Envisat Advanced Synthetic Aperture Radar (ASAR) acquisitions between 2007 and 2011, covering
the Norwegian Sea, the North Sea and the Skagerrak Sea, have been examined.
After systematic corrections, the inflow of Atlantic Water to the Norwegian Sea,
via the two branches of the Norwegian Atlantic Current, is investigated. Distinct expressions of the eastern branch, the Norwegian Atlantic Slope Current,
are revealed with a speed of 20-40 cm/s and a clear manifestation of topographic
steering along the 500 m isobath. The western branch, the Norwegian Atlantic
Front Current, is also depicted but with lower surface velocities. Moreover, parts
of the Norwegian Coastal Current are also detected with time-averaged speed
reaching up to 40 cm/s. At a spatial resolution of 10 km, the Root Mean Square
Errors of these velocities are estimated to be less than 5 cm/s. The range Doppler
velocity retrievals are assessed and compared to other direct and indirect estimates of the surface current, including surface Lagrangian drifters, moored recording current meter measurements, and surface geostrophic current inverted from
several mean dynamic topography fields. The results are promising, and demonstrate that the synthetic aperture radar based range Doppler velocity retrieval method
is applicable to monitoring the temporal and spatial variations of ocean surface
circulation, provided the imaging geometry is favorable.
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1. Introduction
The transport of warm and saline Atlantic Water (AW) into the Nordic Seas with the Norwegian Atlantic Current (NwAC) is of great importance for the high latitude and Arctic ocean circulation regime, climate and ecosystem. The NwAC is composed of two branches (e.g. [Poulain
et al., 1996; Orvik et al., 2001; Søiland et al., 2008]) referred to as the Norwegian Atlantic
Slope Current (NwASC) [Skagseth and Orvik, 2002] and the Norwegian Atlantic Front Current
(NwAFC) [Mork and Skagseth, 2010] (see Figure 1). The NwASC, originating mainly from
the Faroe-Shetland channel, is near barotropic and steered by topography along the southeastern domain of the Norwegian Sea. The baroclinic NwAFC is linked to the Arctic Front (the
transition zone between the Atlantic and Arctic water in the Nordic Seas) and enters over the
Iceland-Faroe Ridge as the Faroe Current. The variations in the NwASC is strongly linked to
both the local and the large scale wind field (e.g. Gordon and Hithnance [1987]; Skagseth and
Orvik [2002]; Orvik et al. [2001]; Orvik and Niiler [2002]; Skagseth et al. [2004]), while the
tidal signal is rather weak around 2-3 cm/s [Orvik et al., 2001]. In contrast, little is known
of the forcing and variability of the NwAFC [Mork and Skagseth, 2010], although it is highly
dominated by mesoscale eddy activity (see e.g. Nilsen and Nilsen [2007]; Søiland et al. [2008]
and references therein).
Combined with the advanced quantitative knowledge of the marine geoid at scales from 200500 km that has emerged from gravity missions, e.g. the GRACE (Gravity Recovery and Climate Experiment) and the GOCE (Gravity field and steady-state Ocean Circulation Explorer), in
recent years [Maximenko et al., 2009], we can now derive Mean Dynamic Topography (MDT)
from the time varying signal from altimetry, as well as surface drifters and other in-situ measure-
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ments, to reconstruct the absolute surface geostrophic current. Using MDT in combination with
hydrographic data, Hunegnaw et al. [2009] and Mork and Skagseth [2010] recently estimated
the transport in the NwASC across the Svinøy section (Figure 1) to about 3.9 Sv (temporal mean
between 1993 and 1996) and 3.4 ± 0.3 Sv (temporal mean between 1992 and 2009), respectively. In comparison Orvik et al. [2001] and Orvik and Skagseth [2003] estimated the mean
transport in the NwASC to 4.2 Sv and 4.4 Sv, respectively, using moored Recording Current
Meters (RCMs) in combination with hydrographic data.
In complement, new techniques have emerged which permit a direct retrieval of line-of-sight
(range) surface velocity fields from Synthetic Aperture Radar (SAR) [Romeiser et al., 2010]
without the need to rely on the geostrophic assumption. One technique, Along-Track Interferometry (ATI), requires a second receiving antenna (or a split antenna) [Goldstein and Zebker,
1987], while the single antenna range Doppler velocity method enables estimates from conventional SAR raw data at a reduced spatial resolution [Chapron et al., 2005; Johannessen
et al., 2008; Rouault et al., 2010]. These complementary observations have a clear potential to
strengthen the ability to study temporal and spatial variability of ocean surface currents.
In this paper, we investigate the capability of the single antenna range Doppler velocity
method for mapping the inflow of AW to the southern Norwegian Sea and the Skagerrak Sea.
The speed of this surface current is about 20-50 cm/s (e.g. Orvik et al. [2001]), and clearly
weaker than the Agulhas Current and Gulf Stream, which have velocities up to 2 m/s (e.g. Bryden et al. [2005]) and for which the range Doppler velocity method has been shown to give
reliable estimates [Chapron et al., 2005; Johannessen et al., 2008; Rouault et al., 2010]. In our
focus area (Figure 1), however, it is expectedly more challenging to separate the range Doppler
velocity from uncorrected errors in the image product, and averaging is required to improve the
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signal-to-noise ratio. This method was successfully demonstrated by Rouault et al. [2010] for
the Agulhas region.
The method used for retrieving the range Doppler velocity from the Envisat Advanced Synthetic Aperture Radar (ASAR) Wide Swath Medium resolution image (WSM) product in VV
polarization is briefly addressed in Section 2.1, followed by a detailed presentation of the results
in Section 2.2. In Section 3 we examine the quality and reliability of the results by comparison
to other direct and indirect estimates of surface current. In Section 4 we provide the summary
and conclusions.

2. Sea Surface Range Doppler Velocity from Envisat ASAR
2.1. Method
ASAR is a side-looking synthetic aperture radar which operates in C-band on-board the European Space Agency (ESA) polar orbiting satellite Envisat. In Wide Swath mode, it spans a
range of incidence angles from 16◦ to 43◦ relative to the surface normal, with a swath width
of 420 km. Since mid 2007, a grid of Doppler centroid frequencies, fDc [Madsen, 1989], is
included in the ASAR WSM level-1b products. The cross-track pixel spacing is about 9 km
in near range and 3.5 km in far range, while the pixel spacing in the azimuth direction is fixed
at about 8 km. Estimates of a geophysical Doppler shift, fg , can be obtained by subtracting a
predicted Doppler shift, fDp , based on precise knowledge of the satellite orbit and attitude, from
the Doppler centroid frequency estimate, fDc [Chapron et al., 2005]. The geophysical Doppler
shift, fg , relates to a spatial mean of the range component, vr , of the velocity of the surface scattering elements, weighted by the local Normalized Radar Cross Section (NRCS) (σ0 ) [Romeiser
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and Thompson, 2000; Chapron et al., 2005] as
fg = −

ke vr σ0
k e VD
=−
,
π
π σ0

(1)

where ke (112 m−1 for ASAR) is the electromagnetic wavenumber, VD is by definition the lineof-sight range Doppler velocity, and the overbars characterize spatial averaging. The line-ofsight velocity, vr , of the scattering elements is here defined positive for motion toward the radar
in descending pass, and away from the radar in ascending pass (i.e. always positive for motion in
the easterly direction). The range Doppler velocity is thus a result of the line-of-sight velocities
of all surface scattering elements, including Bragg resonance waves, specular facets (mirror
points), and breaking waves, advected by and interacting with any underlying surface current
(see e.g. Chapron et al. [2005]; Johannessen et al. [2008]). A comprehensive description of
the processing steps and error corrections needed to retrieve estimates of fg , and thus VD , from
Envisat ASAR WSM products is presented in Hansen et al. [2011]. The instrumental accuracy,
expressed as the Root Mean Square Error (RMSE), of the observed geophysical Doppler shift is
found to be ǫf ≈ 5 Hz for a single scene in VV polarization. This corresponds to an instrumental
accuracy of the horizontally projected range Doppler velocity (VDh = VD / sin θ) of about 20
cm/s at incidence angle θ = 40◦ and 40 cm/s at θ = 20◦ .
We have retrieved geophysical Doppler shifts (fg ) from nearly 1200 ASAR WSM acquisitions in VV polarization between August 2007 and February 2011. These are corrected for
the local contribution, fw , from the wind using the CDOP model developed by Collard et al.
[2008]; Mouche et al. [2011]. These local wind contributions are mainly from wave orbital
motion, but also from Ekman and Stokes drift. The range Doppler velocity calculated from
the corrected Doppler shift is assumed to be a measure of the surface current (in the horizontal
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plane) according to
Vc = −

π(fg − fw )
.
ke sin θ

(2)

Consequently any errors in the wind field estimate (both speed and direction) add to the uncertainty of fg . Note also that large incidence angles are more favorable, since a larger fraction
of the horizontal velocity is directly detected. The wind field invoked to CDOP is in this study
retrieved from the global forecasting system of the (US) National Center for Environmental Prediction (NCEP) at a three hourly basis with a latitudinal and longitudinal grid size of 0.5◦ . As the
model wind direction estimates at low wind speed are more uncertain, the ASAR range Doppler
velocity data in our analysis is discarded for winds weaker than 4 m/s. By assuming errors in
the NCEP wind speed and direction of 2 m/s and 15◦ , respectively, CDOP is used to find a maximum error, ǫw , of the wind related Doppler shift, which is added to the instrumental accuracy.
This gives an error in the wind corrected range Doppler velocity of ǫv = |π(ǫf + ǫw )/ke sin θ|.
The wind corrected range Doppler velocities and associated error estimates are then spatially
interpolated to a grid of 5 × 5 km2 pixels. Finally, temporal averages are calculated by weighting the gridded wind corrected range Doppler velocity estimates, Vc,i (tj ), by the inverse of their
error variances, ǫV,i (tj )2 , expressed as [Taylor, 1997]
P

µi =

j

(Vc,i (tj )/ǫv,i (tj )2 )
P
j

(1/ǫv,i (tj )2 )

,

(3)

with associated error variance
ǫ2µ,i = P
j

1
,
(1/ǫv,i (tj )2 )

where i and j are spatially and temporally distributed samples, respectively.

(4)
Since the

ASAR sampling is irregular in time, the temporal averages are first found on a weekly basis
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and then over longer time spans using the weekly values. Because of the different radar look
directions, data from ascending and descending tracks must be averaged separately.
2.2. Results
Following the procedure presented in Section 2.1, the weighted mean (August 2007 – July
2010) wind corrected range Doppler velocity over the southeast Norwegian Sea and northern
part of the North Sea is shown in Figure 2. In ascending (Figure 2(a)) and descending (Figure
2(b)) satellite pass, positive velocity is toward 77◦ and 103◦, respectively, measured clockwise
relative to north as indicated by the arrows. It should be noted that the two fields represent
conditions at different times of the day, around 08:00 and 20:00 local solar time for descending
and ascending pass, respectively. Each data point is an average of at least 50 observations as
seen in Figure 2(c) and (d). At the spatial resolution of 10 km, the corresponding weighted
RMSE (Equation 4) is found to be less than 8 cm/s in regions of more than 100 observations
and 4-5 cm/s in regions of more than 150 observations. This wind corrected range Doppler
velocity is thus expected to represent the mean surface current of the inflowing AW multiplied
by the cosine of the difference between the true current direction and the ASAR range direction.
The configurations are thus unfavorable for current flowing in the north-south direction, as only
small range components will be detected.
In both the ascending and descending wind corrected range Doppler velocity maps, the
NwASC is evidently steered along the 500 m depth contour. Between the points P1 (62◦ N,
0◦ 30′ W) and S1 (62◦ 48′ N, 4◦ 15′ E) shown in Figure 1, the ascending pass configuration is optimum with the range direction nearly aligned with the mean orientation of the isobaths and
the inflowing AW. The width (full width at half maximum) of the current is 60 km at P1, then
decreases to 45 km at P2 (62◦ 40′ N, 3◦ E) where it aligns with the Norwegian Coastal Current
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(NCC), before it increases again to 60 km at S1 in the Svinøy section. Note that the velocity
profile across the latter, however, now describes the combined surface drift of the NwASC and
the NCC, and that we are not able to automatically separate these signals with ASAR. However,
the western edge of the NCC (Figure 2, especially in descending pass) appears to follow the
slope slightly west of the 200 m isobath in the eastern sector of the Norwegian Trench (NT) in
a northwesterly direction toward P2. In turning toward east, the western edge of the NCC may
be expected to maintain the tendency of following this isobath. Using the 200 m isobath as the
limit between the NCC and the NwASC, the mean width of the NwASC at the Svinøy section is
thus found to be 36 km. The central wind corrected range Doppler velocity varies from 40 cm/s
at P1, via a minimum of 20 cm/s at P2 to 30-35 cm/s at the Svinøy section. These estimates
and the evidence of topographic steering are in general agreement with e.g. Orvik et al. [2001];
Søiland et al. [2008]; Mork and Skagseth [2010].
The NwAFC is evident in the ascending pass velocity map north of the NwASC as a broad
band of surface velocities of about 15 cm/s following the depth contours from 2000 m to 2500 m
in the northwest and gradually reducing toward 10 cm/s at the interception of the Svinøy section
(Figure 2(a)). The latter wind corrected range Doppler velocity is also encountered in the descending pass as noticed in Figure 2(b). East of the Svinøy section, the depth contours become
more north-south oriented, and the current signatures of both the NwASC and the NwAFC
become correspondingly weaker (less than 10 cm/s) in both ascending and descending configuration. At about 66◦ N, 6◦ E the NwASC again turns into a more favorable easterly direction,
and thus becomes more visible in the wind corrected range Doppler velocity.
Along the west coast of Norway (south of 62◦ N in Figure 2), the NCC maintains mostly
a northward flow direction whereas the inflowing AW is steered southward along the 200 m
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isobath in the western sector of the NT. With such unfavorable geometry, the range Doppler
velocities are correspondingly weak. The evidence of some easterly oriented flow of around
10 cm/s in the NT might be connected with recirculation of AW which is known to take place in
this region [Furnes et al., 1986]. Further north, on the other hand, the NCC becomes visible as
a strong and narrow jet between the Haltenbanken and the Frøya island centered at about 64◦ N,
9◦ E. The wind corrected range Doppler velocity in ascending pass is here about 30-40 cm/s with
a current width of about 30 km.
The results suggest that the range Doppler velocity method is useful to monitor persistent
and topographically trapped currents, provided the imaging geometry is favorable. As such,
it might also be feasible to apply the method to detect the general cyclonic circulation in the
Skagerrak [Sætre, 2007]. As known from the literature, the Jutland Current transports North
Sea water along the Danish west coast north-eastward into the Skagerrak where it mixes with
southeastward flowing AW. In the eastern part of the Skagerrak, further mixing takes place with
the outflow of freshwater from the Baltic Sea. The corresponding mixed water mass defines the
origin of the NCC, which in turn flows west-southwestward out of the Skagerrak and continues
northward along the coast of Norway as a narrow boundary current. Note that the use of satellite
altimetry for ocean current retrieval in this region is limited due to land contamination in the
radar resolution cells, and the existence of Lagrangian surface drifters is rare.
The weighted mean wind corrected range Doppler velocity in the eastern North Sea and Skagerrak is shown in Figure 3. The number of observations and corresponding errors are comparable to the best covered areas in Figure 2, except for the lower coverage in the eastern part of
Skagerrak where the accuracy approaches only 10 cm/s in descending pass. For the ascending
pass, the mean wind corrected range Doppler velocity of the Jutland Current and the NCC reach
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40-50 cm/s and 25-30 cm/s, respectively. In the descending pass, the imaging geometry is less
favorable in the Skagerrak, and the evidence of the Jutland Current is seen with maximum wind
corrected range Doppler velocity reduced to about 10-15 cm/s. The NCC flowing out of Skagerrak, however, is more distinct in the descending pass, with a wind corrected range Doppler
velocity of 20-25 cm/s.
As we have averaged wind corrected range Doppler velocities in the two range directions (ascending and descending), a mean 2-dimensional vector field can in principle be reconstructed.
However, since the angle between the two directions is only 26◦ , the uncertainty on the vector
component in the north-south direction will be too large to give meaningful results. Hence in
this paper we restrict the discussion to the range Doppler velocity.

3. Evaluation of Results
From Section 2.2 it is clear that the maps of wind corrected range Doppler velocity document
the importance of topographic steering. The mean winter (DJF) night time Sea Surface Temperature (SST) from satellite in Figure 4(a) contains similar evidence. Although it does not provide
direct estimates of the surface current, the pattern in the SST map qualitatively agree well with
the ASAR wind corrected range Doppler velocity as described in the previous section. In addition, the temperature gradient in the winter SST indicates that NCC water occupy the area to the
southeast of the 200 m isobath, and that AW dominate the signal further northwest. This supports the previous assumption of a separation between the NwASC and the NCC at the 200 m
isobath.
In order to further evaluate these results we use sea surface Lagrangian drifter data,
geostrophic current estimates derived from MDT and altimetry, as well as a moored RCM at
the position S1 in the Svinøy section (Figure 1). These datasets represent current estimates for
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different depths of the upper ocean, and have different integration times and spatial resolutions
as specified in Table 1.
3.1. Surface Drifter Data
The positions of surface Lagrangian drifters between 1991 and 2007 from the Global Drifter
Program (GDP) of the Atlantic Oceanographic and Meteorology Laboratory (AOML) in Miami,
USA, are shown in Figure 4(b). The surface Lagrangian drifters represent the current at 15 m
depth, and their functionality and water following characteristics are described by Niiler [2001]
while the quality control and data interpolation is described in Hansen and Poulain [1996].
Only the positions of drifters with velocity exceeding 25 cm/s are shown. The positions of both
the NwASC and the NwAFC, as well as the NCC north of 62◦ N, are evident by the Lagrangian
drifter positions, and agree well with the wind corrected range Doppler velocity maps in Figure
2. An upper bound for the maximum width of the NwASC is here measured to about 90 km, and
the speed reaches more than 50 cm/s whereas the highest speeds in the broader (up to 140 km)
NwAFC are generally lower.
The gridded surface velocity field obtained by interpolation of surface Lagrangian drifter
velocities filtered for non-geostrophic contributions (received from Hunegnaw et al. [2009])
and projected into the ASAR ascending and descending pass configuration, is shown in Figure
5(a) and 5(b), respectively. The most evident agreement with the ASAR wind corrected range
Doppler velocity (Figure 2) is the tendency of the inflowing NwASC to follow the continental
slope along the 500 m depth contour across the southern Norwegian Sea, although the resolution
of the mapped drifter velocities (∼ 200 km) is too low to reveal any of the finer scale variations
observed with ASAR. Consequently the maximum velocities of up to 20 cm/s are also weaker
than depicted in the wind corrected range Doppler velocity maps (Figure 5(a),(b)).
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3.2. Mean Surface Geostrophic Current
On time scales of a few days or more, and spatial scales of tens of kilometers, the NwAC
is generally in geostrophic balance [Orvik et al., 2001; Hunegnaw et al., 2009; Mork and Skagseth, 2010]. In this section, we compare the ASAR derived mean sea surface wind corrected
range Doppler velocity with the mean sea surface geostrophic current based on MDTs from
three sources: (1) Centre National d’Etudes Spatiales (CNES) and Collecte Localisation Satellites (CLS) (CNES-CLS09, Rio et al. [2011]); (2) the EU GOCINA project [Hunegnaw et al.,
2009]; (3) the preliminary results from GOCE [Knudsen et al., 2011]. The reference period and
grid size of these fields are provided in Table 1. To allow direct comparison, the geostrophic
velocity fields are projected into the horizontal range direction of the range Doppler velocity
data. The geostrophic currents based on the GOCINA (Figure 5(c), (d)) and CNES-CLS09
(Figure 6(a), (b)) MDTs correspond quite well with the ASAR observations. In particular, the
location of the NwASC centered along the 500 m isobath agree well, although its magnitude is
significantly larger in ASAR than in CNES-CLS09 and GOCINA which reach up to 25 cm/s
and 15 cm/s, respectively. Between P1 and the Svinøy section, the ASAR results give maximum
velocities twice as large as those from CNES-CLS09 and four times as large as the GOCINA
results. Further north, the general location and pattern of the NwASC also agree well, but the
ASAR wind corrected range Doppler velocity is stronger. In comparison, the range geostrophic
current inverted from the GOCE MDT (Figure 6(c), (d)) appears to contain banded discrepancies at some locations near land around 60◦ N, 62◦ N, 64◦ N, and 66◦ N. The distance between
the discrepancies is about 200 km, which is close to the resolution of GOCE (harmonic degree
of 200; Knudsen et al. [2011]). It is, however, not the intention to explain the GOCE based
results in this paper, although the errors might be connected to inaccuracies in the Mean Sea
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Surface Height (MSSH) and in the preliminary geoid used to calculate the MDT. Nevertheless,
similarities are also seen here, e.g. over the NwAFC with maximum speed of 10-15 cm/s and a
region of recirculation between the NwASC and the NwAFC.
The NwAFC is also evident in the velocities calculated from the GOCINA and CNES-CLS09
MDTs. Like with ASAR, this is separated from the NwASC by a region of zero or slightly
negative range velocities. The magnitudes seem to correspond better here than in the NwASC,
although the ASAR velocities are slightly larger.
The slight disagreement between the ASAR and the MDT based surface velocity retrievals
arises from differences in the observing methods. The ASAR range Doppler velocity is related
to the total surface motion including non-geostrophic contributions, e.g. surface divergence,
Ekman drift and eddy induced acceleration of the mean current (e.g. Hughes and Ash [2001]),
and not just the geostrophic velocity. Moreover, as the spatial scale of the eddies in the region is
ranging from 20-50 km in diameter (e.g. Johannessen et al. [1996]), these will not be properly
resolved by the altimetric measurements.
3.3. Mean and Seasonal Flow Across the Svinøy Section
A final quantitative assessment is based on a comparison of the mean flow across the Svinøy
section observed with ASAR, gridded drifter velocities, and the three different MDT estimates.
In order to compare the ASAR data to the most relevant geostrophic current climatology, we also
include results of combined CNES-CLS09 MDT and Delayed Time (DT) Maps of Sea Level
Anomalies (MSLA) obtained from altimeter measurements between August 2007 and July 2009
distributed by CNES and CLS through the Archiving, Validation and Interpretation of Satellite
Oceanographic data (AVISO) web service. This provides weekly estimates of the Absolute
Dynamic Topography (ADT) for the given period, of which the temporal mean is compared to
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the MDTs and the mean ASAR wind corrected range Doppler velocity. The resulting ADT is,
hereinafter, referred to as the AVISO ADT.
The location of the NwASC (Figure 7), expressed as the maximum eastward flow at approximately 75 km from the coast, agrees well in all the datasets except the gridded drifter velocities
which have significantly lower resolution, and the GOCE results which are less reliable near
land. The velocity maxima and minima are largest for ASAR (31 and 26 cm/s) and least for
GOCINA (16 and 11 cm/s), in both ascending (Figure 7(a)) and descending (Figure 7(b)) pass.
The CNES-CLS09 MDT and AVISO ADT, in comparison, give range velocities of 25/19 and
27/20 cm/s in ascending/descending pass, respectively.
Moving further offshore, the next maximum represent the location of the NwAFC which
peaks near 10 cm/s in all fields, both for ascending and descending configuration. The location of the NwAFC maximum in ascending pass (Figure 7(a)) is different in the ASAR data
compared to the MDT results. The ASAR descending pass (Figure 7(b)) also reveals two minima between the NwASC and the NwAFC which are not seen in the other data. The range
velocity between these minima is zero. Moreover, the ASAR, CNES-CLS09, and AVISO profiles contain west-southwestward velocities in the region between the NwASC and the NwAFC
reaching up to 10 cm/s. This is an indication of recirculation which confirms previous findings of e.g. Orvik et al. [2001]; Mork and Skagseth [2010]. The overall agreement depicted
in the comparison of these profiles therefore suggests that the ASAR based retrieval method
capture the mean surface velocity associated with the baroclinic and barotropic contributions to
the inflow of the AW to the Norwegian Sea.
From these results, it is tempting to examine the seasonal variation of AW inflow across the
Svinøy section from ASAR compared with current measurements from a moored RCM at 100 m

110

Papers

depth in the Svinøy section, and the AVISO ADT. The near barotropic NwASC makes direct
current measurements from the S1 mooring at 100 m depth feasible for evaluation of the ASAR
measurements, although we should expect some differences especially during the presence of a
more stratified upper layer in summer. The time variation at S1 and Hovmöller diagrams along
the Svinøy section for the period from August 2007 to January 2011 are plotted in Figure 8
for range velocities from the three datasets: RCM, ASAR and AVISO. All data is here lowpass filtered with a 90 days moving average, and the ASAR data represent weighted averages
according to equation (3), with error estimates given by equation (4). In addition, the ASAR
data is also spatially averaged over a 5 × 5 pixels neighborhood (i.e. 25 × 25 km). The average
relative direction between the mean flow direction at S1 (measured by the RCM) and the radar
look direction (range) is here 17◦ .
The NwASC speed and variation at S1 (Figure 8(a)) agree well in all three datasets, except
two enhanced winter maxima in 2008 (55 cm/s) and 2010 (62 cm/s) and a weaker summer minimum in 2009 (7 cm/s) for ASAR. The AVISO based geostrophic current is in general slightly
weaker than both ASAR and the mooring measurements (except in summer 2009). The correlation between ASAR and the RCM/AVISO range velocities at this location is 0.62/0.56, with
RMSDs of 9 cm/s. The corresponding correlation between the AVISO and RCM measurements
is 0.85, with an RMSD of 6 cm/s. The locations of the NwASC and the NCC agree well in
the AVISO (Figure 8(b)) and ASAR (Figure 8(c)) retrievals, except an apparent shift toward the
coast in ASAR. This difference could, however, be expected from the reduced accuracy of the
AVISO ADT in close proximity to land. The persistent positioning of the NwASC maximum
(Figure 8(c)) is a clear evidence of the topographic steering along the 500 m depth contour.
In contrast, the position of the NwAFC appears more variable and less clearly defined, as also
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found by e.g. Mork and Skagseth [2010], with maxima over the 1500 m to 2500 m depths meaning less steering by topography, and there is no clear seasonal variability. Its maxima are around
20 cm/s, except a strong signal approaching 40 cm/s in winter 2010. Between the NwASC and
the NwAFC there is a region of mostly negative surface velocities meaning the average drift
is toward west-southwest most of the year, except in winter 2008 and 2009. At the strongest,
the surface velocity is here more than 20 cm/s. This surface drift pattern was also found by
e.g. Mork and Skagseth [2010] and references therein, but of lower magnitude.
The variability of the wind field in the region around S1 from August 2007 to January 2011,
as shown in Figure 9(a), demonstrates that south-southwesterly winds dominate. In general,
this will favor northeasterly mean sea surface velocity fields as depicted in the CDOP corrected range Doppler velocity shown in Figure 2. The south-southwesterly wind regime is at
the strongest during winter (Figure 9(b)), while it changes into northwesterly winds in summer
(Figure 9(c)). The impact of this is also evident in the seasonal changes of the NwASC, with
corresponding minima in summer and maxima in winter, as seen in Figure 8. The surface velocity in the recirculation region between the NwASC and the NwAFC in the Svinøy section
also appears to be connected to the wind field as manifested e.g. by the east-northeasterly flow
in winter 2008 and 2009, and west-southwesterly flow in the corresponding summers. There is,
however, no clear connection between the wind field observed at S1 and the variations in the
NwAFC, as the latter may be more dominated by conditions in the up-stream forcing.
In the presence of baroclinicity, a clear difference should be expected between the ASAR wind
corrected surface range Doppler velocity and the RCM measurements at 100 m, in particular
during summer warming in the upper ocean. The correlations between ASAR and AVISO/RCM
estimates are consistent with this assumption. For instance, taking the mean difference between
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ASAR and AVISO in Figure 8(a), the contribution from non-geostrophic terms is estimated
to around 4 cm/s. This, in turn, adds to the mean geostrophic current (which is 25 cm/s).
Overall, these evaluation results also imply that the ASAR range surface velocity retrievals in
Skagerrak and in parts of the North Sea can be considered reliable under these favorable imaging
geometries.
In combination with the RCM measurements, the volume transport in the upper layer of
the inflowing AW across the Svinøy section can be estimated from the wind corrected range
Doppler velocity retrievals. By assuming a constant width, L (varying from 13 km to 62 km,
with a mean of 36 km, northwestward from the 200 m isobath; Figure 8), in the upper 100 m of
the NwASC [Orvik et al., 2001], the volume transport is calculated from


VT = v RCM d + (vASAR − v RCM )

Zd



e−kz dz L,

(5)

0

where vRCM is the mean current speed at d = 100 m depth, obtained by multiplying the mean
of the RCM measurements with a factor of 0.8 (which represents the ratio between the mean
flow speed along L and its maximum, as obtained from ASAR), and vASAR is the mean speed
along L from ASAR (i.e. at the surface). Both the current speed at 100 m (v RCM ) and at the
surface (v ASAR ) are projected perpendicularly to the orientation of the Svinøy section. As we
cannot specify a precise value for k, we choose to examine its impact for a range of values.
For k = {0.01, 0.1, 0.5}, the resulting mean volume transport in the upper 100 m is 0.9 Sv,
with summer (JJA) and winter (DJF) transports of 0.6-0.7 Sv and 1.1-1.2 Sv, respectively. The
volume transport estimate increases with decreasing k during winter when the ASAR estimate
is higher than that of the RCM. In contrast, the transport decreases with decreasing k during
summer when the ASAR estimate is lower than that of the RCM. In Table 2, these values are
compared to the transport obtained from the RCM alone using a regression model presented
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by Orvik and Skagseth [2003], as well as the estimates from other studies [Mork and Skagseth,
2010; Hunegnaw et al., 2009; Orvik and Skagseth, 2003; Orvik et al., 2001]. These latter estimates represent the total transport in the NwASC across the Svinøy section and range from
3.4 Sv to 4.6 Sv in the mean, where the differences are largely explained by the various measurement periods as summarized in the last column of Table 2.

4. Conclusion
The orientation of the two branches of the inflowing Atlantic Water (AW) in the Norwegian
Atlantic Current (NwAC), and parts of the Norwegian Coastal Current (NCC), displays excellent geometry for application of the Envisat Advanced Synthetic Aperture Radar (ASAR) based
range Doppler velocity method. Retrievals of the spatially and temporally varying surface velocities associated with these currents have been investigated based on 1200 ASAR Wide Swath
Medium resolution image (WSM) products in VV polarization. After consistent removal of the
wind driven facet motion, the Norwegian Atlantic Slope Current (NwASC) is observed with
mean wind corrected range Doppler velocities from 20 to 40 cm/s, steered along the 500 m isobath with a typical width of 45 to 60 km. In comparison, the Norwegian Atlantic Front Current
(NwAFC) is less distinct with lower velocities (10-15 cm/s) and a much broader core steered
along the 2000-2500 m isobaths. A clear seasonal signal, including winter maxima (62 cm/s)
and summer minima (7 cm/s), is found for the inflowing AW across the Svinøy section. Outside
these areas of topographic steering, the surface inflow of AW diminishes. In the NCC, a narrow
jet of about 40 cm/s is clearly depicted near shore at 64◦ N, 9◦ E. In addition, the in-/outflow
to/from the Skagerrak Sea is evident in the wind corrected range Doppler velocity, with speeds
reaching up to 25 cm/s. With a resolution of about 10 km, the Root Mean Square Error (RMSE)
of these estimates is less than 5 cm/s.
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Comparison to other direct and indirect estimates of the surface current, including Lagrangian
drifters, moored Recording Current Meter (RCM) measurements and surface geostrophic current inverted from several Mean Dynamic Topographies (MDTs) ensure valuable assessment
and validation. All in all, the comparison is promising, with the mean ASAR velocities slightly
exceeding the other mean velocity fields. This can be expected due to better spatial resolution and contributions from the non-geostrophic terms obtained with the range Doppler velocity
method. Moreover, in combination with measurements from the moored RCM, the volume
transport of the inflowing AW in the upper 100 m of the NwASC across the Svinøy section was
estimated with a 3-year mean transport of 0.9 Sv, and a summer minimum/winter maximum of
0.6-0.7 Sv/1.1-1.2 Sv. Compared to other full water column transport estimates of the NwASC,
which average to about 4 Sv, the values are reasonable.
In 2013, the European Space Agency (ESA) will launch the first Sentinel-1 C-band Synthetic
Aperture Radar (SAR) mission in support of the European Global Monitoring for Environment
and Security (GMES) program and future marine core services. The range Doppler velocity
will then become a standard product with expected significantly better accuracies. As demonstrated in this paper, the capability to monitor the temporal and spatial variability of the ocean
surface circulation from SAR in combination with altimetry and in-situ measurements will then
improve, provided the imaging geometry is favorable.
Acknowledgments.
This work was supported by the Nansen Fellowship Foundation at the Nansen Environmental
and Remote Sensing Center (NERSC) in Bergen, Norway, by the Research Council of Norway
under contract number 177441/V30, by the ESA Dragon-2 program under ESRIN contract number 22494/09/I-LG, and through the ESA Changing Earth Science Network project IncuSAR.

5.4 Monitoring the Surface Inflow of Atlantic Water to the Norwegian Sea Using
Envisat ASAR

115

The altimeter products and the CNES-CLS09 MDT were produced by SSALTO/DUACS and
distributed by AVISO with support from CNES. The Lagrangian drifter data was made available
by the GDP of AOML in Miami, USA, and Fisheries and Oceans Canada (http://www.
meds-sdmm.dfo-mpo.gc.ca). The moored RCM data was provided by K. A. Orvik at
the Geophysical Institute, University of Bergen. We would also like to thank the authors of
Hunegnaw et al. [2009] for providing their gridded drifter climatologies and MDT, Per Knudsen
at DTU Space for providing the preliminary MDT from GOCE, and Even Øie Nilsen for help
with Figure 1 and proof reading.

Notes
1. http://www.meds-sdmm.dfo-mpo.gc.ca/

2. http://www.meds-sdmm.dfo-mpo.gc.ca/

References
Bryden, H. L., L. M. Beal, and L. M. Duncan (2005), Structure and Transport of the Agulhas
Current and Its Temporal Variability, Journal of Oceanography.
Chapron, B., F. Collard, and F. Ardhuin (2005), Direct measurements of ocean surface velocity from space: Interpretation and validation, Journal of Geophysical Research – Oceans,
110(C9), 7008–+, doi:10.1029/2004JC002809.
Collard, F., A. Mouche, B. Chapron, C. Danilo, and J. A. Johannessen (2008), Routine High
Resolution Observation of Selected Major Surface Currents from Space, in Proceedings of
SeaSAR 2008, edited by L. H. and L. Ouwehand, European Space Agency, ESA Publications
Division, ESTEC.
Furnes, G. K., B. Hackett, and R. Saetre (1986), Retroflection of Atlantic Water in the Norwe-

116

Papers

gian Trench, Deep-Sea Research Part A-Oceanographic Research Papers, 33(2), 247–265.
Goldstein, R. M., and H. A. Zebker (1987), Interferometric Radar Measurement of Ocean Surface Currents, Nature, 328(6132), 707–709.
Gordon, R. L., and J. M. Hithnance (1987), Storm-Driven Continental-Shelf Waves over the
Scottish Continental-Shelf, Continental Shelf Research, 7(9), 1015–1048.
Hansen, D. V., and P. M. Poulain (1996), Quality control and interpolations of WOCE-TOGA
drifter data, Journal of Atmospheric and Oceanic Technology, 13(4), 900–909.
Hansen, M. W., F. Collard, K.-F. Dagestad, J. A. Johannessen, P. Fabry, and B. Chapron (2011),
Retrieval of Sea Surface Range Velocities from Envisat ASAR Doppler Centroid Measurements, IEEE Transactions on Geoscience and Remote Sensing (in press).
Hughes, C. W., and E. R. Ash (2001), Eddy forcing of the mean flow in the Southern Ocean,
Journal of Geophysical Research-Oceans, 106(C2), 2713–2722, doi:10.1029/1999JC900332.
Hunegnaw, A., F. Siegismund, R. Hipkin, and K. A. Mork (2009), Absolute flow field estimation for the Nordic Seas from combined gravimetric, altimetric, and in situ data, Journal of
Geophysical Research, 114(C13), 2022–+, doi:10.1029/2008JC004797.
Johannessen, J. A., R. A. Shuchman, G. Digranes, D. R. Lyzenga, C. Wackerman, O. M. Johannessen, and P. W. Vachon (1996), Coastal ocean fronts and eddies imaged with ERS 1
synthetic aperture radar, Journal of Geophysical Research – Oceans, 101(C3), 6651–6667.
Johannessen, J. A., B. Chapron, F. Collard, V. Kudryavtsev, A. Mouche, D. Akimov, and
K. Dagestad (2008), Direct ocean surface velocity measurements from space: Improved
quantitative interpretation of Envisat ASAR observations, Geophysical Research Letters, 35,
22,608–+, doi:10.1029/2008GL035709.
Knudsen, P., R. Bingham, O. Andersen, and M. H. Rio (2011), A global mean dynamic topog-

5.4 Monitoring the Surface Inflow of Atlantic Water to the Norwegian Sea Using
Envisat ASAR

117

raphy and ocean circulation estimation using a preliminary GOCE gravity model, Journal of
Geodesy, doi:10.1007/s00190-011-0485-8.
Madsen, S. N. (1989), Estimating the Doppler centroid of SAR data, IEEE Transactions on
Aerospace Electronic Systems, 25, 134–140, doi:10.1109/7.18675.
Maximenko, N., P. Niiler, M.-H. Rio, O. Melnichenko, L. Centurioni, D. Chambers, V. Zlotnicki, and B. Galperin (2009), Mean Dynamic Topography of the Ocean Derived from Satellite and Drifting Buoy Data Using Three Different Techniques, Journal of Atmospheric and
Oceanic Technology, 26(9), 1910–1919, doi:10.1175/2009JTECHO672.1.
Mork, K. A., and O. Skagseth (2010), A quantitative description of the Norwegian Atlantic
Current by combining altimetry and hydrography, Ocean Science, 6(4), 901–911, doi:10.
5194/os-6-901-2010.
Mouche, A. A., K.-F. Dagestad, F. Collard, G. Guitton, B. Chapron, J. A. Johannessen, V. Kerbaol, and M. W. Hansen (2011), On the use of Doppler for sea surface wind retrieval from
SAR, Submitted to IEEE Transactions on Geoscience and Remote Sensing.
Niiler, P. (2001), The world ocean surface circulation, in Ocean Circulation and Climate, Volume 77 of International Geophysics Series, edited by G. Siedler, J. Church, and J. Gould, pp.
193–204, Academic Press.
Nilsen, J. E. O., and F. Nilsen (2007), The Atlantic Water flow along the Voring Plateau: Detecting frontal structures in oceanic station time series, Deep-Sea Research Part I-Oceanographic
Research Papers, 54(3), 297–319, doi:10.1016/j.dsr.2006.12.012.
Orvik, K. A., and P. Niiler (2002), Major pathways of Atlantic water in the northern North
Atlantic and Nordic Seas toward Arctic, Geophysical Research Letters, 29(19), doi:10.1029/
2002GL015002.

118

Papers

Orvik, K. A., and O. Skagseth (2003), Monitoring the Norwegian Atlantic slope current using
a single moored current meter, Continental Shelf Research, 23(2), 159–176.
Orvik, K. A., O. Skagseth, and M. Mork (2001), Atlantic inflow to the nordic seas: current structure and volume fluxes from moored current meters, vm-adcp and seasoar-ctd observations,
1995-1999, Deep-Sea Research Part I – Oceanographic Research Papers, 48(4), 937–957.
Poulain, P. M., A. WarnVarnas, and P. P. Niiler (1996), Near-surface circulation of the Nordic
seas as measured by Lagrangian drifters, Journal of Geophysical Research-Oceans, 101(C8),
18,237–18,258.
Rio, M. H., S. Guinehut, and G. Larnicol (2011), The New CNES-CLS09 global Mean Dynamic Topography computed from the combination of GRACE data, altimetry and in-situ
measurements, Journal of Geophysical Research-Oceans, doi:10.1029/2010JC006505.
Romeiser, R., and D. R. Thompson (2000), Numerical study on the along-track interferometric
radar imaging mechanism of oceanic surface currents, IEEE Transactions on Geoscience and
Remote Sensing, 38(1, Part 2), 446–458.
Romeiser, R., J. A. Johannessen, B. Chapron, F. Collard, V. Kudryavtsev, H. Runge, and
S. Suchandt (2010), Direct surface current field imaging from space by along-track insar
and conventional sar, in Oceanography from Space Revisited, Springer.
Rouault, M. J., A. Mouche, F. Collard, J. A. Johannessen, and B. Chapron (2010), Mapping the
Agulhas Current from Space: an assessment of ASAR surface current velocities, Journal of
Geophysical Research, 115(C10026), doi:10.1029/2009JC006050.
Skagseth, O., and K. A. Orvik (2002), Identifying fluctuations in the Norwegian Atlantic Slope
Current by means of empirical orthogonal functions, Continental Shelf Research, 22(4), 547–
563.

5.4 Monitoring the Surface Inflow of Atlantic Water to the Norwegian Sea Using
Envisat ASAR

119

Skagseth, O., K. A. Orvik, and T. Furevik (2004), Coherent variability of the Norwegian Atlantic slope current derived from TOPEX/ERS altimeter data, Geophysical Research Letters,
31(14), L14,304.
Søiland, H., M. D. Prater, and T. Rossby (2008), Rigid topographic control of currents in the
nordic seas, Geophysical Research Letters, 35, 18,607–+, doi:10.1029/2008GL034846.
Sætre, R. (Ed.) (2007), The Norwegian Coastal Current – Oceanography and Climate, Tapir
Academic Press.
Taylor, J. R. (1997), An introduction to error analysis: the study of uncertainties in physical
measurements, University Science Books.

120

Papers
69 oN

0
2521005000000
10
0
20
0
10
150
10
0

253 0
000
0

50

2500
3000
NORWEGIAN
SEA

50
0
115
00
50

200

66 oN

3000
3000
500

2500 2000
1500
FC

1500
1000
5
100 00

100N0wAS

50
Svinoy

NCC
100

150

0 50
20 1

000
215
00

50
10

10

500

100

150

1050
0

0 50
1

50

NORWAY

11050
0
50

10

0

100

P2

0

P1

200
60 N

Froya
50
Hitra
50
Smola

100
S1

C
15

Faroe
Is.

o

200

A
Nw

50

63 oN

Halten 200
Bk.

50

10
0

SCOTLAND

50

NORTH
SEA

50

50
o

4 W

500 0RR
20E
1A5G0
K
S

100

0o

50
o
4 E

0

100

50

0

10

57 oN 50
0
10

15

100

100

50
50

AK

JC
o
8 E

o
12 E

Figure 1: Schematic of the general ocean circulation in our area of interest. Isobaths are drawn
for every 50 m to 200 m and every 500 m from 500 m. The marked straight line indicates the
Svinøy section. P1, P2, and S1 are points of reference used in the text. Other abbreviations are
as follows: JC – Jutland Current; NT – Norwegian Trench; NCC – Norwegian Coastal Current;
NwASC – Norwegian Atlantic Slope Current; NwAFC – Norwegian Atlantic Front Current.

5.4 Monitoring the Surface Inflow of Atlantic Water to the Norwegian Sea Using
Envisat ASAR

(a)

(b)

(c)

(d)

121

Figure 2: Mean (August 2007 – July 2010) ASAR WSM sea surface wind corrected range
Doppler velocity (VV polarization) in ascending (a) and descending (b) pass over the northern
North Sea and the Norwegian Sea. The values are positive for any flow component < ±90◦ from
the direction indicated by the arrows. The lower panels show the number of ASAR observations
per grid point in ascending (c) and descending (d) satellite pass. Each data point in (a) and (b)
contains at least 50 observations, and the pixel size is 5 × 5 km2 . The RMSE is about 5 cm/s
in the well-covered areas (No. > 100), and less than 10 cm/s elsewhere. Tick marks along the
Svinøy section indicate 50 km intervals.
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Figure 3: Same as Figure 2, but for the eastern North Sea and Skagerrak.
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Figure 4: Mean SST (a) in winter (December-February from 2002 to 2011) from monthly
MODIS Level-3 data (from the website of NASA Goddard Space Flight Center), and the general circulation in the southern Norwegian Sea as manifested by surface Lagrangian drifters (b)
during the period 1991-2007 (from the website of Fisheries and Oceans Canada2 ). The black
crosses are positions of drifters with speeds between 25 cm/s and 50 cm/s, while the red circles
are positions of drifters with speeds greater than 50 cm/s.
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Data

Period

Grid spacing Depth
[km]

ASAR

2007–2011

5

Surface

SST

2002–2011

2

Surface

Drifters

1990–2006

100

15 m

CNES-CLS09 MDT 1993–1999

50

Surface

GOCINA MDT

1993–1999

4

Surface

GOCE MDT

1993–1999

7 × 14

Surface

AVISO ADT

2007–2009

30

Surface

Svinøy RCM

2007–2010

—

100 m

Table 1: Summary of data sources according to sampling period, grid size, and observation
depth.
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Figure 5: Mean current deduced from surface Lagrangian drifter observations between 1990 and
2006 over the northern North Sea and the Norwegian Sea (a)/(b), and geostrophic current associated with the GOCINA MDT (c)/(d) over the same region. Both fields are courtesy of Hunegnaw et al. [2009], and are projected into the ASAR range direction in ascending/descending
pass configuration, respectively.

126

Papers

66 oN

66 oN

64 oN

64 oN

0

−250

0

0
−25

0
150

0
−150

−

−500

62 oN

−500

62 oN

Svinoy section

0

0
−15

−15
60 oN

60 oN

3 oW

−40

−30

0o

−20

−10

0
cm/s

10

3 oW

o
9 E

o
6 E

o

3 E

20

30

40

−40

−30

0o

o

3 E

−20

−10

(a)

0
cm/s

o
9 E

o
6 E

10

20

30

40

(b)

68 oN

68 oN

66 oN

66 oN

64 oN

64 oN

00

−25

00

−25

0

0

−150

−150

0

−50

62 oN

0

−50

62 oN

Svinoy section

Svinoy section

−200

−200
−150

−150

60 oN

60 oN

3 oW

−40

Svinoy section

−200

−200

−30

0o

−20

o

3 E

−10

0
cm/s

(c)

o
9 E

o
6 E

10

20

30

o
12 E

40

3 oW

−40

−30

0o

−20

o

3 E

−10

0
cm/s

o
9 E

o
6 E

10

20

30

o
12 E

40

(d)

Figure 6: Mean geostrophic currents associated with the CNES-CLS09 (a)/(b) and preliminary GOCE (c)/(d) MDTs, projected to the range direction of ASAR measurements in ascending/descending pass configuration over the northern North Sea and the Norwegian Sea.

5.4 Monitoring the Surface Inflow of Atlantic Water to the Norwegian Sea Using
Envisat ASAR

127

400
GOCE
CNES−CLS09
GOCINA
Drifters
ASAR
AVISO

350

Distance from coast [km]

300

250

200

150

100

50

0
−10

−5

0

5

10
15
Range velocity [cm/s]

20

25

30

35

(a)
400
GOCE
CNES−CLS09
GOCINA
Drifters
ASAR
AVISO

350

Distance from coast [km]

300

250

200

150

100

50

0
−10

−5

0

5

10
15
Range velocity [cm/s]

20

25

30

(b)

Figure 7: Range velocities across the Svinøy section (see Figure 1) in ascending (a) and descending (b) satellite pass. The AVISO ADT retrievals cover the period from August 2007 to
July 2009 because DT MSLA grids were only available until March 2010. The data is extracted
from regular longitude/latitude grids which causes irregularity along the vertical axis.
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Figure 8: (a) Range velocity at S1 from the moored RCM (blue), the AVISO ADT (red), and
ASAR (black), and Hovmöller diagrams across the Svinøy section from (b) AVISO and (c)
ASAR in ascending satellite pass configuration from August 2007 to January 2011. The solid
vertical lines in the Hovmöller diagrams mark the position of the S1 mooring, and the dashed
lines mark the 200 m isobath. The white areas are missing data or data which has been removed
due to RMSE of 15 cm/s or more.
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(a)

(b)

(c)

Figure 9: Wind roses from the Hirlam forecast model for the location of the S1 mooring (see
Figure 1) from August 2007 to January 2011. (a) is for the full period, (b) is for winter months
(DJF) only, and (c) is for summer months (JJA) only. The wind roses indicate the direction from
where the wind is blowing (meteorological convention).
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Value Mean Summer Winter Integration
of k

Data Source

Period

Depth

(1) 0.01

0.9

0.6

1.2

0-100 m

ASAR and RCM

2007-2010

(2)

0.1

0.9

0.7

1.2

0-100 m

ASAR and RCM

2007-2010

(3)

0.5

0.9

0.7

1.1

0-100 m

ASAR and RCM

2007-2010

(4)

4.6

3.9

5.2

Full

RCM

2007-2010

(5)

3.4

2.4

4.7

Full

Hydrography, MDT

1992-2009

(6)

3.9

—

—

Full

(7)

4.4

—

—

Full

RCMs

1998-2000

(8)

4.2

—

—

Full

Hydrography, RCMs

1995-1999

Hydrography, gravimetry, altimetry 1993-1999

Table 2: Mean Volume Flux in the NwASC [Sv] from the combined ASAR and RCM retrievals
using different values for k (1, 2, and 3), from the RCM with a regression model from Figure
5(a) in Orvik and Skagseth [2003] (4), from Mork and Skagseth [2010] (5), from Hunegnaw
et al. [2009] (6), from Orvik and Skagseth [2003] (7), and from Orvik et al. [2001] (8).

