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Abstract

During previous field experiments in the North Sea it was often assumed that the water column in such shallow coastal tidal waters is
vertically well mixed and stratification was neglected when discussing the Normalized Radar Cross Section modulation caused by the sea
floor. In this paper the influence of quasi resonant internal waves with the sea bed on the radar imaging mechanism of submarine sand waves
itself is investigated. In situ data of the tidal current velocity and several water quality parameters such as sea surface temperature,
fluorescence, and beam transmittance were measured in the Southern Bight of the North Sea in April 1991. Simulations of the total NRCS
modulation caused by sand waves and internal waves as a function of the current gradient or strain rate induced by the internal wave current
field at the sea surface have been carried out using the quasi-steady approximation and linear internal wave theory. As a first approximation
the strain rate depending on stratification was calculated using the two-layer model. These simulations demonstrate that at least a density
difference between the two layers of the order of ∆ρ ≈ 1 kg m–3 is necessary for a sinusoidal thermocline to effect the total NRCS
modulation considerably. The NRCS modulation as a function of wind friction velocity has been calculated independently and is discussed
with regard to the strain rate of the surface current field caused by the superimposed imaging mechanisms of sand waves and internal waves.
It turned out that the existence of a surface roughness-wind stress feedback mechanism cannot be excluded. © 2002
Ifremer/CNRS/IRD/Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

Précédemment, en mer du Nord, la stratification, pratiquement inexistante dans cette région peu profonde et à fortes marées, a été négligée
lors de la discussion de la modulation par le fond marin de la section efficace normalisée du radar. Dans le présent article, nous examinons
l’influence des vagues internes quasi-résonantes et du fond sous-marin sur les images radar du fond sableux. Les données in situ ont été
recueillies en avril 1991 dans la partie sud de la mer du Nord : vitesse du courant de marée, température de surface, fluorescence et
transmission. Des simulations de la modulation de la section efficace normalisée du radar produite par les ondulations du fond sableux et
les ondes internes en fonction du gradient de courant ou de la tension induits par le champ de courants des ondes internes à la surface de
mer ont été réalisées. L’approximation quasi-stationnaire et la théorie linéaire des vagues internes ont été utilisées. En première
approximation, la tension dépendant de la stratification a été calculée en utilisant un modèle à deux couches. Ces simulations montrent une
différence de densité entre les deux couches d’au moins ∆ρ ≈ 1 kg m–3 est nécessaire pour une thermocline sinusoïdale pour modifier
fortement la section efficace normalisée du radar. Cette modulation, fonction de la vitesse de friction du vent, a été calculée séparément et
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est discutée en fonction de la tension du champ de courant superficiel produit par les images superposées des ondulations du sable et des
ondes internes. L’existence d’un mécanisme de rétroaction de tension du vent ne peut pas être exclue. © 2002 Ifremer/CNRS/IRD/Éditions
scientifiques et médicales Elsevier SAS. Tous droits réservés.
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1. Introduction

Airborne Synthetic Aperture Radar (SAR) images taken
along the continental shelf off Cape Hatteras, North Caro-
lina, showed superimposed sea surface signatures caused by
internal waves and submarine sand waves (Li et al., 1999).
In the open ocean, coastal seas and estuaries internal waves
of different size and/or type are commonly generated by the
flow of water over sea bottom topography (Munk, 1981;
Kranenburg, 1988a; 1988b; New and Dyer, 1988). How-
ever, the stratification of the vertical water column can be
either created continuously, e.g. as a continuous density
profile, or as a two-layer system with two different densities
where so called interfacial waves can be developed. Internal
waves extract energy from the mean (tidal) flow and may
travel either upstream or downstream or can be in resonance
with the wavelength of the topographic forcing. It was
shown by New and Dyer (1988) that in the Tees estuary,
United Kingdom, short internal waves of 10–12 m wave-
length were generated during flood tidal phase by mega
ripples at the sea floor of similar length scales. An echo-
sounder record from La Chapelle Bank off the west coast of
France, at the continental shelf edge, showed internal waves
revealed by a well-developed scattering layer existing of
particles in the water overlying sand waves of similar
extension (Stride and Tucker, 1960). Field observations
made by Pietrzak et al. (1990) of stratified fluid over a
nearly periodic topographic relief presented a unique series
of resonant internal waves. These observations illustrate the
presence of internal waves with wavelengths comparable
with those of the sea bed topography. The amplitudes of the
internal waves were three to four times larger than the
heights of the topography generating them. Resonant inter-
nal waves are important for the understanding of flow
dynamics of stratified coastal environments if radar imagery
will be used for retrieving water depths.

Signatures of Normalized Radar Cross Section (NRCS)
modulations at the ocean surface due to internal waves and
sea bottom topography are visible on a variety of radar
images derived by shore- and ship-based radar as well as by
Real Aperture Radar (RAR) on board air- and spaceborne
platforms. The radar imaging mechanism of internal waves
and sea bottom topography are satisfactory explained in the
literature. The theory of radar imaging of internal waves
was published by Alpers (1985), Thompson and Gasparovic
(1986), and Holliday et al. (1987). Kropfli et al. (1999)
showed relationships between strong internal waves in the

coastal zone and their associated radar and radiometric
signatures. Theoretical models for the radar imaging mecha-
nism of sea bottom topography were described by Alpers
and Hennings (1984), Shuchman et al. (1985), Hennings
(1990), Romeiser and Alpers (1997), and Vogelzang (1997).
It was shown by Li et al. (1999) that radar signatures of
internal waves are superimposed on surface manifestations
directly caused by the sea bed. The study of radar signatures
in coastal waters described by Donato et al. (1997) also
demonstrated the critical nature that topographic and strati-
fied effects could have via the associated hydrodynamics for
the interpretation of radar imagery. It is not easy under such
condition to employ radar remote sensing techniques for a
cost-effective retrieval of water depth information from
radar images. Other phenomena like frontal boundaries,
small scale eddies, slicks, oil spills, patches of turbulence
and ship wakes are quite common in coastal waters and can
disturb as well the radar signatures of the sea bed.

The theory and a schematic sketch of the influence of
internal waves on the radar imaging mechanism of the sea
bed are presented in section 2. A brief summary of the
physical interpretation of resonance between sea bottom
topography and internal waves is given in the same section.
In situ measurements of the tidal current velocity and
several water quality parameters carried out in the Southern
Bight of the North Sea supporting the theoretical consider-
ations are reported in section 3. Calculations of the Normal-
ized Radar Cross Section (NRCS) modulation as a function
of strain rate at different conditions of stratification using
the two-layer model as a first approximation are presented
in section 4.1. Investigations of the resonance condition
between sand waves and internal waves using in situ data
are carried out in section 4.2. Independent calculations of
the NRCS modulation as the function of wind friction
velocity are shown in section 4.3. Finally, section 5 contains
the discussion and conclusions.

2. Theory

In this paper, only the weak hydrodynamic interaction
theory in the relaxation time approximation is used for
describing the interaction of the surface waves with a
variable current (Alpers and Hasselmann, 1978). For the
NRCS modulation (∆σ/σ0)top Alpers and Hennings (1984)
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have developed an approximate theory which has the
principal relation:

�Dr � x �

r0
�

top
= − 4 + c

µ

�Ux� x �

�x (1)

where ∆σ (x) = σ (x) – σ0 is the local change in radar
scattering cross section, σ0 is the constant background
NRCS corresponding to areas where the variable surface
current is zero, x = (x, y) is the space variable, γ = 0.5 for
gravity waves and γ = 1.5 for capillary waves, respectively,
µ is the relaxation rate, Ux(x) is the component of the
surface current velocity associated with the sea bottom
topography, and x is the projection of the antenna axis on the
horizontal plane.

Here, this model is restricted to the surface current
velocity component Uperp perpendicular to the sand wave
crest. Thus equation (1) reads:

�Dr� x �

r0
�

top
= − 4 + c

µ cos2φ
�Uperp

�xperp
(2)

where φ denotes the angle between the x and xperp direction
normal to the sand wave crest.

The surface current velocity component Uperp of equation
(2) is approximated as a sawtooth profile caused by asym-
metric sand waves and is defined as:

Uperp = U0 +
DUperp xperp

LSSL
, − LSSL < xperp < 0 (3a)

and

Uperp = U0 +
DUperp xperp

LGSL
, 0 m < xperp < LGSL (3b)

where U0 is the constant equilibrium surface current veloc-
ity, ∆Uperp is the maximum surface current velocity varia-
tion caused by the sand wave profile, LSSL is the length scale
of the steep slope of the sand wave, and LGSL is the length
scale of the gentle slope of the sand wave, respectively.

According to Alpers (1985) equations (1)–(2) are also
valid for the NRCS modulation of internal waves (∆σ/σ0)int,
where φ denotes the angle between the x and xperp direction
as in equation (2), but where xperp is defined as the direction
normal to the internal wave crest.

The current velocity component Uperp perpendicular to
the crest of the internal wave induced at the water surface by
the internal wave can be expressed according to Phillips
(1977) as:

Uperp = − g0 n� sinh� Kperp d � �
− 1

exp � i� Kperp xperp − nt � � (4)

where t is the time variable, η0 is the amplitude of the
internal wave, n is the radian frequency of the internal wave,

Kperp is the wave number of the internal wave in xperp-
direction, d is the mean thermocline depth, and i is the
imaginary unit. The first-order solution of equation (4) is
valid for the lowest internal wave mode. A more detailed
description is given by Phillips (1977).

Derivating equation (4) and making a quasi-steady-state
approximation yields the surface strain rate (z = 0, with z the
vertical space variable) as follows:

�Uperp

�xperp
= − iKperp g0 n �sinh� Kperp d � �

− 1

exp� iKperp xperp � (5)

A quasi-steady-state approximation was used because the
time variations considered here occur on a scale much less
than the period of the semi-diurnal tide. To investigate only
such internal waves that show a clear relationship with the
sea bottom topography suggest that the resonance condition
can be isolated using a simple steady-state linear model. The
conditions shown in Fig. 1 are correct if the resonant
internal wave propagates from left to right. One might also
think of stationary internal waves travelling in opposite
direction to the tidal current, enhancing the sea bottom
topography effect at the surface, rather than decreasing it
(regions of divergence and convergence in Fig. 1b will be
reversed then). On the other hand one can think of a
standing internal wave (in a fluid with constant density
gradient) rather than a travelling internal wave (Pietrzak et
al., 1990). This will shift the convergence or divergence
regions at the surface by a quarter internal wavelength
(Defant, 1960).

Here, the applicability of a two-layer model for stratifi-
cation will be considered. Such a model can only describe
the first internal mode. But in the real fluid it may well be
possible that additional modes are important.

The radian frequency relation developed from the disper-
sion equation for the first mode of the internal wave
according to Phillips (1977) reads:

n2 = gKperp� Dρ
ρ � �Kperp e + coth � Kperp d �

+ coth � Kperp� D − d � � �
− 1 (6)

where g is the acceleration of gravity, ρ is the mean water
density, ∆ρ = ρ2 – ρ1 is the density difference between the
upper and lower water layers, ε is the thickness of the
pycnocline, and D is the water depth.

If Kxε << 1 or if the thickness of a pycnocline is much
smaller than the horizontal wavelength of the internal wave,
then equation (6) reduces to:

n2 = gKperp� Dρ
ρ � �coth � Kperp d �

+ coth � Kperp� D − d � � �
− 1 (7)
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Fig. 1. Schematic visualization of a) the total NRCS modulation (∆σ/σ0)tot due to the NRCS modulation (∆σ/σ0)int of internal waves and due to the NRCS
modulation (∆σ/σ0)top of sea bottom topography for the special case that the conditions for resonance are satisfied if the free internal wavelength coincides
with the wavelength of the topographic forcing; b) Streamlines and particle velocities associated with linear sinusoidal internal waves which are in resonance
with the sand waves along the thermocline; that part of the internal wave is marked by Ct and Dt where calculations of (∆σ/σ0)tot, (∆σ/σ0)int, and (∆σ/σ0)top

have been performed (see Fig. 8); c) Relationship between an asymmetric sand wave profile and variations in tidal current velocity, short-scale surface
roughness, and (∆σ/σ0)top. The steep slopes of the sand waves are located downstream from the sand wave crests and are associated with strongly enhanced
values of (∆σ/σ0)top (bright streaks). It is shown as a first approximation that the enhanced and reduced roughness modulations at the sea surface caused by
the internal waves are more or less spatially in antiphase with the roughness modulations due to the sand waves itself (modified after Defant (1960) and Alpers
and Hennings (1984)).
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The regions of maximum convergence � − �Uperp /�xperp �
and divergence � �Uperp /�xperp �derived from equation (5)
are positioned above the nodes of the displacement of the
thermocline (see Fig. 1).

Finally, the total NRCS modulation is then given by the
sum of the NRCS modulation due to the sea bottom
topography and internal wave as:

� Dr
r0

�
tot

= � Dr
r0

�
top

+ � Dr
r0

�
int

(8)

Fig. 1 shows a schematic presentation of the total NRCS
modulation (∆σ/σ0)tot (Fig. 1a) due to the influence of a
sinusoidal internal wave (Fig. 1b) on the radar imaging
mechanism of asymmetric sand waves (Fig. 1c) for the
special case that the conditions for resonance between the
sea bed and the internal wave are satisfied. As a first
approximation the thermocline was assumed here as a
sinusoidal type (Fig. 1b). However, this can be an oversim-
plification because the thermocline can deviate from a
sinusoidal type as shown in Fig. 7c. The positions of
maximum strain rates ��Uperp /�xperp �max and minimum
strain rates �− �Uperp /�xperp �min due to direct hydrodynamic
modulation caused by sinusoidal sand waves and induced
also by a sinusoidal thermocline of the internal wave are
spatially in antiphase if the special case of resonance is
fulfilled. This implies that enhanced or reduced water
surface roughness patterns of the internal wave are associ-
ated with reduced or enhanced roughness patterns caused by
the sand waves itself. The total NRCS modulation (∆σ/σ0)tot

is expected to be low if both strain rates are of the same
order of magnitude. This behavior changes if the sand
waves are of asymmetric type because this implies also an
asymmetric variation in (∆σ/σ0)top. Fig. 1a shows that the
total NRCS modulation (∆σ/σ0)tot is enhanced above the
steep slope of the sand wave due to its direct modulation
effect (∆σ/σ0)top. At the trough of the sand wave there is an
area where (∆σ/σ0)tot can also be significantly reduced at
the sea surface (see Fig. 1a). This is caused by the super-
position of both the reduced (∆σ/σ0)top due to the effect of
the sand wave itself as well as the reduced modulation effect
(∆σ/σ0)int of the divergent current field associated with the
internal wave. At these positions also reduced NRCS
modulations as a function of wind friction velocity (see
section 4.3) can be expected due to the existence of a
surface roughness–wind stress feedback mechanism
(Romeiser et al., 1999).

A physical interpretation of resonance between sea bot-
tom topography (sand waves) and internal waves was given
by Pietrzak et al. (1990). They used the quasi-steady
approximation and linear internal-wave theory assuming a
steady, non rotating, inviscid fluid, taking into account a
continuous density profile and using a constant density
gradient for analytical demonstration. Furthermore, they
show that the conditions for resonance are realized if the
free internal wave number Kperp that satisfies the unforced

equations coincides with the wave number of the topo-
graphic forcing and can be expressed as:

Kperp� z � = � l2
� z � − m2 p2 D− 2

�
1/2 (9)

where l2(z) is defined by:

l2
� z � =

N2
� z �

U2 − 1
U

�
2U

�z2 (10)

with U = U(z) the depth dependent current velocity and N(z)
the buoyancy or Brunt-Väisälä frequency:

N2
� z � = − g �ρ

q �z (11)

with m = 0, 1, 2, ... .

3. Material and methods

During the field experiment on 15–26 April, 1991 of the
“Mapping of Sea Bottom Topography in a Multi Sensor
Approach” project oceanographic and meteorological data
have been collected at the Measuring Platform Noordwijk
(MPN) and on board of three research vessels off the Dutch
coast in the southern North Sea (for location see Fig. 2b).
The aim of this project was to study the relation between
radar and optical (sunglint) signatures associated with
submarine sand waves (Vogelzang, 1993; Hennings et al.,
1994; Matthews et al., 1997). The in situ data described here
concentrate on the measurements carried out on board RV
Prince Madog operated by the School of Ocean Sciences,
Menai Bridge, Wales, United Kingdom. The position of the
research vessel was determined by a Differential Global
Positioning System (DGPS) device with an accuracy of
about 2–5 m.

3.1. Bathymetric data

A map of the sea bottom topography of the whole study
area off the Dutch coast in the southern North Sea is shown
in Fig. 2a. The bathymetric surveys have been carried out by
RV Christiaan Brunings with multibeam echosounders after
the experiment in summer 1991. About 64% of the data
have been recorded with a STN Atlas marine electronics
FANSWEEP 10 system and 36% with a Simrad EM 100
system. All data are based on a spatial resolution of 5 × 5 m.
The study area is a square of 9.8 × 9.8 km. Sand waves with
a height of 2–6 m and a crest to crest distance of typically
500 m are dominant bedforms at the sea floor. The water
depth varies between 16.95 m and 28.15 m. Crests of sand
waves are generally oriented perpendicular to the dominant
tidal current direction. The drift track of RV Prince Madog
on April 24, 1991 between 11:40 UTC and 13:40 UTC is
indicated by A–B in Fig. 2a. The two black arrows represent
the current direction U and wind direction Uw, respectively,
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Fig. 2a. Bathymetric map of the study area (location is indicated by a circle in the inset of Fig. 2b) off the Dutch coast in the southern North Sea with the
track A–B of RV Prince Madog drifting during flood current phase from southwest to northeast between 11:40 UTC and 13:40 UTC on April 24, 1991. The
study area has a size of 9.8 × 9.8 km. The position of the lower left corner is at 52.361410° N and 3.931553° E. The x-axis of the map is directed to 121°
true north. Current direction U and wind direction Uw are shown by black arrows.
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at 11:51 UTC. Low wind speeds of 2–4 m s–1 from southern
directions have been measured during the drift.

3.2. CTD and AVHRR SST data

Conductivity–Temperature–Depth (CTD) data measured
by a Neil–Brown CTD probe on board RV Prince Madog
are presented in Fig. 3a–b. These data have been sampled on
April 24, 1991 at 12:55 UTC and at 18:15 UTC, respec-
tively. Both vertical profiles of the CTD probe show a
developing two layer system. Fig. 3a shows a water tem-
perature profile with a beginning thermal stratification of the
water column. A fairly well defined thermocline at approxi-
mately 500 hPa corresponding to a water depth of
D = d = 5 m is presented in Fig. 3b with a temperature jump
of about 0.5 °C. The upper layer had a density of
ρ1 = 1026.38 kg m–3 (density ρ = σθ + 1000 kg m–3, where
σθ is the potential density). The uniform lower layer had a
thickness of d2 = D – d = 21 m – 5 m = 16 m where D is the
mean water depth at this position with a density of
ρ2 = 1026.45 kg m–3. Here the mean density is defined by
ρ = (ρ1 + ρ2) 2–1 and the density difference between the two
layers is ∆ρ = ρ2 – ρ1. The equivalent two-layer distribu-
tion, constructed with the above-mentioned criteria is shown
as well in Fig. 3b by dashed lines. The temperature varia-
tions shown in Fig. 3b are consistent with the notion of
colder water being brought to the surface by sand wave-
induced flow perturbations because the temperature changes
shown in Fig. 7c recorded on board RV Prince Madog at the
water depth of 3 m are of the same order of magnitude. The
salinity profile also had changed during both acquisition
times. An increasing salinity profile from the surface to the
bottom is shown in Fig. 3a, while a nearly homogeneous
salinity distribution of 34 PSU is present at 18:15 UTC as
shown in Fig. 3b. This lower salinity distribution is caused
by merging of lower salinity of the Rhine water discharge.
The creation of a rather homogeneous distribution without
any stratification could be due to low evaporation without
enhancement of salinity values at the surface.

The reason why a significant vertical thermal stratifica-
tion had developed on this day in addition to the existing
daily cycle stimulated by the solar radiation can be revealed
by the sea surface temperature (SST) distribution of the
southern North Sea taken by the Advanced Very High
Resolution Radiometer (AVHRR) on board the NOAA-11
satellite on April 24, 1991 at 13:59 UTC shown in Fig. 4.
The AVHRR image shows plumes of warm water with a
temperature of 8.5–9 °C along the Dutch coast originating
from the river Rhine which are advected by the predomi-
nating tidal current to the northeast covering also the study
area. Adjacent SSTs in relation to SSTs of the plumes are
generally one degree colder. The Rhine plume influences the
local water quality in this region through its far field
stratified zone (Van Alphen et al., 1988). Patches of warm
Rhine plume water are periodically detached and decay as

they drift to the northeast with the mean residual flow (see
Fig. 4).

3.3. ADCP and vertical current profile data

The RV Prince Madog was equipped with a hull-mounted
Acoustic Doppler Current Profiler (ADCP) for measuring
current speed and direction within the water column. This
instrument operated at a transmitting frequency of 300 kHz,

Fig. 3. Conductivity–temperature–depth data from April 24, 1991. The data
have been measured at a) 12:55 UTC and b) at 18:15 UTC, respectively.
The equivalent two-layer system is indicated by dashed lines in Fig. 3b.

a

b
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depth intervals (bins) of 2 m, and with a sampling interval
of 60 s. Only those bins have been considered which
covered the depth range between 6 m and about 85% of the
total water depth. The reason is due to existing disturbances
at the transducer depth and due to the sea bottom reflection
of the main side lobes of the ADCP which obscures the
echos from the water volume. The analysis is concentrated
on the drift path during flood current phase indicated by
A–B in Fig. 2a.

The parallel Upar and perpendicular Uperp current com-
ponents relative to the sand wave crests of bin 7 (corre-
sponding to 6–8 m water depth) as well as the depth
averaged perpendicular current velocity component
Uperp aver relative to the sand wave crests in relation to the
water depth are shown in Figs. 5a–d. In addition, positions
of reduced NRCS modulations as a function of wind friction
velocity u* (see section 4.3) are indicated by horizontal lines
between 11:41 UTC and 12:29 UTC. A mean current of the
parallel component of Upar = 0.35 m s–1 and of the perpen-
dicular component of Uperp = 0.62 m s–1 have been calcu-
lated from the ADCP data between 11:41 UTC and
12:29 UTC.

The first three sand waves S1–S3 with crests at about
11:48 UTC, 12:06 UTC, and 12:16 UTC cause significant

changes in the near-surface current flow of the order of
0.05 m s–1 in the parallel and 0.1 m s–1 in the perpendicular
current component, respectively. In the first two cases, the
speed maximizes at or near the sand wave crest, whereas
close to 12:22 UTC the maximum speed is downstream near
the trough between sand waves S3 and S4. The current field
is influenced by a frontal boundary at this position (see also
section 3.2) which passed the ship at about 12:15 UTC
(Matthews et al., 1997). However, the current seems not to
be affected by the two smaller sand waves with crests at
about 12:26 UTC and 12:34 UTC.

A mean current velocity of Uperp aver = 0.51 m s–1 be-
tween 11:41 UTC and 12:29 UTC was calculated from the
ADCP data (see Fig. 5c). All sand waves cause significant
current changes between 0.05 m s–1 and 0.15 m s–1 during
this time interval. Maximum current velocities have been
measured at the crests and minimum current velocities at the
troughs of the sand waves. The quantitative evaluation of
the agreement between Uperp aver and the water depth D
between 11:41 UTC and 12:29 UTC is given in terms of the
linear correlation coefficient r = –0.25. The corresponding
result between Uperp and D is r = –0.20.

The data measured later than 12:30 UTC shown in
Figs. 5a–d reinforce the impression that the response of the

Fig. 4. Sea surface temperature distribution of the southern North Sea taken by the Advanced Very High Resolution Radiometer (AVHRR) on board the
NOAA–11 satellite on April 24, 1991 at 13:59 UTC. The study area is indicated by a circle.
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surface current to the sea bottom topography is not very
well marked. During this time mean currents of both the
near surface component Uperp and the depth averaged
component Uperp aver normal to the sand waves are less than
0.5 m s–1.

In summary, these measurements suggest that surface
flow changes are detected over some of the sand wave
crests, that small sand waves are less likely to produce a
significant effect and that there is a greater possibility of
observing surface flow perturbations during the strongest
tidal flows with a current speed larger than 0.5 m s–1. The
maximum current velocity is not always observed near the
sand wave crests. Van Gastel (1987) showed that advection
may be of importance.

Vertical current profiles have been measured from RV
Octans using Ott and Elmar current meters at water depths
of 1, 3, 7, 12, 16, 20, 22, and 25 m, respectively. The Ott
meters measuring only current speed, the Elmar meters

current direction too. These measurements were made in
addition to the ADCP data in order to compare both
measuring techniques and to have current velocity profiles
of the whole water column available. The position of RV
Octans was recorded every minute with a precision of about
2 m using the radio positioning system Hyperfix. The
current velocity was vertically averaged over one minute.
Recording of one vertical profile took about 15 min. The
absolute accuracy of the current speed is about 10% and the
error in the current direction is about 5°. Fig. 6 shows one of
the vertical current profiles that was measured at 12:09 UTC
on April 24, 1991. A current velocity of U = 0.65 m s–1 was
measured at the surface which is consistent with the current
data shown in Fig. 5. At a water depth of 24 m the current
velocity was still 0.43 m s–1.

3.4. Water quality data

A continuous flow monitoring system on board RV
Prince Madog recorded water quality parameters from a
stream of sea water pumped across a laboratory-based
sensor head. The water intake on board the ship was located
on the port side at a water depth of 3 m. While drifting it
was tried to position the port side of the ship with the water
intake upstream in relation to the tidal current direction by
brief manuevering of RV Prince Madog. This system
measured water temperature, salinity (not shown here),
relative uncalibrated data of fluorescence with an excitation
wavelength at 440 nm and beam transmittance using a filter
of 665 nm wavelength at 27.5 s time intervals. The water
temperatures were generally 1 °C warmer than the ambient
sea water temperatures due to warming on the way to the
laboratory. The beam transmittance is affected by absorption
and scattering and is generally related to suspended particu-
late matter concentration in the water column. The fluores-
cence can be used to determine the local chlorophyll

Fig. 5. Time series of Acoustic Doppler Current Profiler (ADCP) measu-
rements between 11:41 UTC and 13:36 UTC on April 24, 1991 of a)
parallel Upar (cm s–1) and b) perpendicular current components Uperp

(cm s–1) relative to the sand wave crests of bin 7 corresponding to 6–8 m
water depth and c) depth averaged perpendicular current component
Uperp aver (cm s–1) relative to the sand wave crests of the current velocity in
relation to d) the sea bottom topography. Each tick mark indicates one
minute. The water depth profile has been extracted from the bathymetric
data shown in Fig. 2a along A–B. Positions of reduced NRCS modulations
as a function of wind friction velocity are indicated by short horizontal
lines above each graph in Figs. 5a–d at the time interval between 11:41
UTC and 12:29 UTC. The mean current direction is indicated by a white
arrow from SW to NW in Fig. 5d.

Fig. 6. Vertical current profile measured from board R.V. Octans at 12:09
UTC on April 24, 1991
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concentration. Because here we are interested in the asso-
ciated hydrodynamic behavior of these parameters due to
current variations only the uncalibrated data have been used
and have not been converted to suspended particulate matter
concentration and phytoplankton concentration, respec-
tively.

The quasi-periodic variations in beam transmittance TR3,
fluorescence FL3, and water temperature Tw 3 in relation to
the water depth of the drift path A–B of Fig. 2a are shown
in Figs. 7a–d. The water depth profile was extracted from
the bathymetric map (indicated by A–B) shown in Fig. 2a.
Between 11:41 UTC and 12:29 UTC, water temperature and
transmittance minimize shortly before the crests of the sand
waves and fluorescence maximizing. Cold, turbid, and
chlorophyll-rich water from greater water depths below the
thermocline arrives prior to the sand wave crests and before
the current velocity maximizes (see Figs. 5a–c). The water
quality parameters presented in Fig. 7 indicate by their
quasi-periodic variations in relation to the sand waves a
fairly well developed condition near resonance between the
sand waves and the thermocline as considered in section 2
at the time interval between 11:41 UTC and 12:29 UTC.
During this time interval the strongest current speeds have
been observed (see Figs. 5a–c). It has to be mentioned here
again that a frontal boundary (see also section 3.2) passed
the ship at about 12:15 UTC (Matthews et al., 1997). The
linear correlation coefficient between Tw 3 and the water
depth D is r = –0.57 between 11:41 UTC and 12:29 UTC.

Between 12:30 UTC and 13:36 UTC the tidal current
velocity is considerably weaker, equal or less than 0.5 m s–1,
and the variation in the water quality parameters is some-
what suppressed. However, the maxima in water tempera-
ture and beam transmittance also occur at peak tidal current
velocities but are not spatially well coinciding with the
crests of the sand waves. In summary, the physical condi-
tions of resonance as expressed by equations (9)–(11) in
section 2 are almost satisfied in the first part of the time
series.

4. Results

4.1. Simulation of NRCS modulation

In this section simulations of (∆σ/σ0)tot, (∆σ/σ0)top, and
(∆σ/σ0)int, respectively, are presented for answering the
following question: At what magnitude of stratification
using the two-layer model as a first approximation is
(∆σ/σ0)int as a function of strain rate strong enough at the
sea surface to change (∆σ/σ0)tot significantly? At first,
calculations of (∆σ/σ0)tot, (∆σ/σ0)top, and (∆σ/σ0)int are
performed with the in situ data measured on April 24, 1991
at 18:15 UTC. These data have been used because the CTD
measurements were available at water depths between
1–21 m. The calculations correspond to that parts of the
sand wave and internal wave which are marked by Ct and Dt

in Fig. 1b. Figs. 8a–e show the results of the simulations of
(∆σ/σ0)tot, (∆σ/σ0)int, sinusoidal thermocline η, (∆σ/σ0)top,
and Uperp, respectively, applying equations (1)–(8). For
calculating the strain rate �Uperp /�xperp only the real part of
the complex expression defined in (5) is considered here.
The calculations are carried out for U0 = 0.6 m s–1,
∆Uperp = 0.1 m s–1, LSSL = 50 m, LGSL = 450 m, γ = 0.5,
µ = 0.064 s–1, Kperp = 0.012566 m–1 with a wavelength
λperp = 500 m, ε = 4 m, η0 = ε/2 = 2 m, d = 5 m, D = 21 m,
g = 9.81 m s–2, ρ = 1026.415 kg m–3, and ∆ρ =
0.075 kg m–3. The magnitude of the relaxation rate µ used
for the simulations was based on calculations for L-band
radar and in situ measurements of the near surface current
velocity and wave energy density above submarine sand
waves at a wind speed of 3.8 m s–1. For more details the
reader is referred to Hennings et al. (2001). It is shown in
Figs. 8a–b that there is a weak influence of (∆σ/σ0)int on
(∆σ/σ0)tot using the in situ data from April 24, 1991 which
is indicated by dashed lines. Simulations of (∆σ/σ0)tot and
(∆σ/σ0)int with the same parameters as described above
except for the stratification where ρ = 1 026.5 kg m–3 and
∆ρ = 1 kg m–3 have been used are shown as solid lines in
Figs. 8a–b. These simulations demonstrate that at least a
density difference of the order of ∆ρ ≈ 1 kg m–3 is neces-
sary in case of a sinusoidal thermocline to effect the strain
rate �Uperp /�xperp as well as (∆σ/σ0)int and (∆σ/σ0)tot

considerably.

Fig. 7. Time series of a) beam transmittance TR3 (arbitrary units), b)
fluorescence FL3 (arbitrary units), and c) water temperature TW 3 (°C) at 3
m water depth in relation to d) the water depth profile between 11:41 UTC
and 13:36 UTC on April 24, 1991. Each tick mark indicates one minute.
The water depth profile along A–B has been extracted from the bathymetric
data shown in Fig. 2a. The direction of the tidal current U is indicated by
a white arrow in Fig. 7d.
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4.2. Investigations of resonance condition using in situ
data

The conditions for resonance are realized (see section 2)
if the internal wave number Kperp coincides with the wave
number of the submarine sand waves. To investigate the
resonance condition, calculations have been carried out
using the available in situ data measured on April 24, 1991
at 18:15 UTC and inserting U = 0.6 m s–1,
�ρ/�z = 0.01875 kg m–4, �2U/�z2 = 2.04 × 10–4 s–2, and
m = 0 in equations (9)–(11)q. Data of the vertical current
profile measured from RV Octans at 12:09 UTC on April 24,
1991 (see Fig. 6) have been used for U and �2U/�z2.
Constant values were used for both terms of �ρ/�z and
�2U/�z2, respectively. The expected precision of
�ρ/�z = ± 10% and the expected accuracy of
�2U/�z2 = ± 15%. The resulting internal wave number ac-
cording to equation (9) is Kperp = 0.01252 m s–1 with a
wavelength of λperp = 502 m. This internal wavelength cor-
responds fairly well with the wavelength of that sand waves
crossed by RV Prince Madog between 11:41 UTC and
12:29 UTC (see Fig. 2a).

4.3. NRCS modulation of wind friction velocity

Because radar data were not available during the field
experiment in April 1991, empirical calculations of the
NRCS modulation ∆σ/σ0 as a function of the wind friction
velocity u* have been carried out. The motivation for this
investigation was to find independently variations in ∆σ/σ0,
and/or a relationship with the strain rate resulting by current
changes due to the superimposed sand wave/internal wave
effects at the water surface. Figs. 9a–b show the simulated
NRCS modulation ∆σ/σ0 as a function of time during the
drift between 11:41 UTC and 13:36 UTC on 24 April 1991
in relation to the corresponding sea bottom topography.

The wind friction velocity u* was calculated according to
the algorithmes published by Liu et al. (1979) and Ezraty
and Ollitrault (1984). Both models need the following
inputs: the wind speed and the height where it is taken, the
dry and wet bulb air temperatures and their heights where
these parameters were taken, the water surface temperature
(bulk temperature), and the air pressure. Dry and wet bulb
air temperatures as well as water surface temperatures
measured on board RV Prince Madog and the mean wind
speed of U10 = 4 m s–1 have been used for the calculations.
Neutral conditions (–2 °C < ∆T = Tair – Twater < + 2 °C) pre-
dominated during the measurements.

In the literature models for σ0 as a function of log (Uw)
were published (see e.g. Schroeder et al., 1982) with Uw the
wind speed. This function can be approximated by a straight
line. Here the absolute value of σ0 is not important but its
modulation with the wind speed. This modulation is deter-
mined by the inclination of this function, and is reasonably

Fig. 8. Simulations of a) (∆σ/σ0)tot, b) (∆σ/σ0)int, c) sinusoidal thermocline
η, d) (∆σ/σ0)top, and e) Uperp, respectively, as a function of xperp applying
equations (1)–(8). The calculations correspond to that part of the internal
wave which is marked by Ct and Dt in Fig. 1b and are carried out for U0

= 0.6 m s–1, ∆Uperp = 0.1 m s–1, LSSL = 50 m, LGSL = 450 m, γ = 0.5, µ
= 0.064 s–1, Kperp = 0.012566 m–1 with a wavelength λperp = 500 m, ε = 4
m, η0 = ε/2 = 2 m, d = 5 m, D = 21 m, g = 9.81 m s–2. Simulations for ρ
= 1026.415 kg m–3 and ∆ρ = 0.075 kg m–3 are indicated by dashed lines
in Fig. 8a–b and simulations with ρ = 1026.5 kg m–3 and ∆ρ = 1 kg m–3

are indicated by solid lines in Fig. 8a–b.

Fig. 9. a) Simulated NRCS modulation ∆σ/σ0 depending on u* for C-band
radar at 45° incidence angle as a function of time during the drift between
11:41 UTC and 13:36 UTC on 24 April 1991 in relation to b) the water
depth. Each tick mark indicates one minute. The water depth profile A–B
has been extracted from the bathymetric data shown in Fig. 2a. The
direction of the tidal current U is indicated by a white arrow in Fig. 9b.

I. Hennings et al. / Oceanologica Acta 25 (2002) 87–99 97



known (see e.g. Ulaby et al., 1986). For commonly used
C-band radar at 45° incidence angle a value of 1.5 has been
used for the inclination leading to the relationship for the
NRCS modulation of:

Dr
r0

= − 21 + 10 log� U*

U*av
� (12)

where u*av is the average value of the calculated wind
friction velocity during the drift between 11:41 UTC and
13:36 UTC on 24 April 1991.

It is shown in Figs. 9a–b that ∆σ/σ0 is modulated above
the sand waves during the drift path. The associated
modulation of ∆σ/σ0 is of the order of 0.5–1 dB, which is
low. Typical values of NRCS modulations due to bathymet-
ric undulations such as sand waves are of the order of
∆σ/σ0 = 1 – 3 dB or higher. However, a relationship be-
tween the current itself or the total strain rate of the current
and ∆σ/σ is evident during the time interval between
11:41 UTC and 12:29 UTC. Positions of significantly re-
duced values of ∆σ/σ0 have been indicated by horizontal
lines in Figs. 5a–d. The first two reduced sharp peaked
signatures of ∆σ/σ0 are coinciding with locations of U
where ± �U/�x ≈ 0 (see Fig. 5). The behaviour of the third
reduced signature in ∆σ/σ0 shown in Fig. 9a at
12:21–12:23 UTC is doubtful due to its association with a
frontal boundary which is superimposed on the sand
wave/internal wave effect. The less enhanced calculated
values of ∆σ/σ0 have a much broader shape than the sharp
peaked reduced ones. But the phase of reduced or enhanced
values of ∆σ/σ0 agree with the total NRCS modulation
(∆σ/σ0)tot of the schematic visualization presented in Fig. 1
which was based on theoretical considerations discussed in
section 2. The corresponding result of the linear correlation
coefficient between ∆σ/σ0 and Uperp aver during the time
interval between 11:41 UTC and 12:29 UTC is r = 0.27.
Due to the investigations carried out in this section, it turned
out that the existence of a surface roughness–wind stress
feedback mechanism cannot be excluded.

5. Discussion and conclusions

Effects of superimposed radar imaging mechanisms of
sand waves and internal waves near resonance have been
discussed in this paper. The analysis of the data gathered in
the southern North Sea reflect a special condition which was
created together by hydrometeorological, environmental,
and water quality data in April 1991. This investigation
showed a variety of complex oceanographic processes in the
water column as well as their interactions at the ocean–
atmospheric boundary layer which can disturb radar signa-
tures of submarine sand waves in the coastal zone. The
study presented here showed that in a stratified two water
layer system, simultaneous reductions in the near-surface
water temperature and beam transmittance have been re-

corded, whereas fluorescence data are increased above sand
waves. The water temperature, beam transmittance and
fluorescence variations indicated the development of an
internal wave associated with the sand waves as a result of
strong flow perturbations induced by the sea bed. Calcula-
tions of the NRCS modulation as a function of wind friction
velocity showed that this parameter is associated with
roughness modulations at the sea surface depending on the
strength of the current velocity due to the presence of
internal waves and/or submarine sand waves. Simulations of
the total NRCS modulation as a function of strain rate
showed that at least a density difference between the two
water layers of the order of ∆ρ ≈ 1 kg m–3 should have been
developed for a significant contribution of the internal wave
effect on April 24, 1991.

Other phenomena like sudden windgusts can instanta-
neously roughen the sea surface and slicks are coinciding
with reduced roughness patterns at the water surface (Alp-
ers, 1995). Nimmo Smith et al. (1999) presented observa-
tions of surface effects of bottom-generated turbulence in a
tidally influenced and well mixed region of the North Sea.
Harden Jones and Mitson (1982) showed sand waves and
bands of acoustical noise measured at the crests of sand
waves which can be produced by suspension of bottom
sediments. Holligan et al. (1985) observed areas of surface
roughness which were about 5 m across in smooth water
near the internal wave crests. These roughness patterns
indicate small-scale turbulent events within the surface
mixed layer.

Here it is believed that such kind of mechanisms can be
excluded in our study area during the acquisition time of the
in situ data.
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