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Abstract The tidal circulation in the semi-enclosed Boulogne
harbour (eastern English Channel) is measured during the var-
ious stages of the tidal cycle with a low-cost towed Acoustic
Doppler Current Profiler (ADCP) system for the first time.
The system is equipped with an interpolation algorithm which
allows reconstructing space-time evolution of the velocity
field for surveys whose duration is comparable or larger than
the typical time of tidal variation (1–2 h). The method em-
ploys space-time velocity covariances derived from a numer-
ical simulation of the surveyed area by a high-resolution relo-
catable model BModel for Applications on Regional Scale^
(MARS). The covariances are utilized by the optimal interpo-
lation algorithm to obtain the most likely evolution of the
velocity field under the constraints provided by the ADCP
observations and their error statistics. Technically, the
MARS model run provides the first guess (background) evo-
lution of the velocity field in the surveyed area which is then
corrected by the data in a statistically consistent manner as it
explicitly takes into the account both observational and
modeling errors. The quality of the velocity reconstruction

was validated against independent bottom-mounted ADCP
data, the background model evolution, and against the results
of spatial interpolation by Kriging technique. All tests dem-
onstrated significant (30 to 60 %) reduction of the model-data
misfit for the velocity field obtained as a result of space-time
optimal interpolation. Although the method was applied to
recover surface circulation, it can be extended for assessment
of the full 4D tidal flow dynamics using the data recorded
throughout the entire water column.

Keywords TowedADCP survey . Tidal currents . English
Channel . Optimal interpolation

1 Introduction

In recent years, assessing marine renewable energy potential
became a hot topic in many branches of applied research.
Tidal stream energy conversion (using an in-stream turbine)
is becoming an increasingly favored form of renewable energy
due to the predictable periodicity of the tide, high energy den-
sity, and nearshore resource location. All these make tidal
stream energy a more reliable source than other forms of ma-
rine energy, such as waves and offshore wind. The place of
tidal stream energy conversion in a future energy generation
mix is under evaluation in different countries (e.g., Weisberg
et al. 2012; Quirapas et al. 2015).

In coastal ocean, the most promising sites have limited size
and are located near the shore (straits, passage between
islands, or areas close to headlands). Here, the theoretical po-
tential varies from 0.01 to 1 GW (e.g., Haas et al. 2011), and
the site screening is an essential first step towards successful
selection of technology and devices to be deployed. However,
site selection is not simply a case of identifying areas with
strong tidal currents. Resource assessment should consider a
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wide range of factors, including temporal and spatial variabil-
ity of the major parameters of the flow (e.g., Neill et al. 2014).
Therefore, tidal stream resource assessments typically make
extensive use of validated hydrodynamic models (e.g.,
Blunden and Bahaj 2006; Goddijn-Murphy et al. 2013;
Lewis et al. 2015). But it is not sufficient, and detailed obser-
vations are required for estimating and mapping the tidal flow
parameters at high space and time resolution. Most of the
oceanographic surveys devoted to renewable energy site as-
sessment employ vessel-mounted Acoustic Doppler Current
Profiler (ADCP) as a tool. In contrast to the bottom-mounted
ADCPs, this method of surveying does not require deploy-
ment of numerous instruments (ADCPs) to obtain adequate
spatial resolution and is not vulnerable to harsh environmental
conditions imposed by the extreme tidal velocities either.

Vessel-mounted ADCPs were used to measure tidal cur-
rents for more than two decades (e.g., Geyer and Signell
1990; Simpson et al. 1990; Vennell 1994). While the vessel
steams around a circuit, velocity profiles are recorded with
sufficient frequency to resolve spatial irregularities of the flow
field. In these early studies, the spatial resolution of recon-
structed current maps attained 500 m. Old and Vennell
(2001) exploited the improved accuracy of Bbroadband^
ADCP to achieve much better horizontal resolution (20 m
across the flow and 150 m along the flow) providing a detailed
view of the 2D structure of an ebb-tidal jet. The temporal
variation of the flowwas accounted for using simple harmonic
representation. Gooch et al. (2009) also used only spatial
(along-isobath) interpolation technique neglecting the tidal
phase difference during the smaller-scale (500 m) ADCP sur-
veys accomplished in approximately 30 min. This approach
could be useful for the assessment of relatively small sites, but
still requires velocity monitoring during multiple stages of the
tidal cycle. Vennell (2006) used a biharmonic spline tidal anal-
ysis technique, proposed by Candela et al. (1992), for space-
time interpolation of velocity data recorded by an ADCP in a
narrow (600-m wide) tidal channel. This study revealed high
sensitivity of the method to the amount of data and their
spatial distribution. Later on, Vennell and Beatson (2006,
2009) developed a 2D divergence-free spatial interpolator
for depth-averaged tidal velocities. The method uses the con-
tinuity constraint, ensures mass conservation, and provides
more realistic estimates for the depth-averaged velocity field.
MacMahan et al. (2012) applied similar technique for interpo-
lating noisy data from an ADCP mounted on the underwater
vehicle.

It is well established now that, at pilot sites, the power
generating potential of the tidal stream is characterized by
significant variations at the scales of a few hundred meters
(Li 2006; Goddijn-Murphy et al. 2013) and thus requires very
high resolution surveying during multiple tidal cycles. At the
same time, the accuracy in reconstruction of the full 4D tidal
flow can be significantly increased by merging observed

velocities with the dynamical constraints provided by the nu-
merical models. This approach was pursued by Goddijn-
Murphy et al. (2013), who synthesized vessel-mounted
ADCP transects in the Pentland Firth (Scotland) with the out-
put of the Orkney 2D tidal Model (ORKM) at 1 km resolution.
Their method employed spatial interpolation of the model-
derived velocity variations onto the observation points to
Bsynchronize in time^ the surveyed velocities. The latter were
spatially interpolated onto the fine (150 m resolution) grid to
obtain snapshots of the currents during different tidal phases.

In this work, we present a technique for interpolating un-
derway velocity measurements in space and time and report
the method’s performance. In atmospheric and ocean sciences,
the conventional name of the method is optimal interpolation
(OI). In our case, recorded velocities are synchronized in time
using the output statistics from the regional model (Model for
Applications on Regional Scale (MARS)-3D) configured for
high-resolution simulations in the surveyed area. Since the
synchronization algorithm is based on the optimal interpola-
tion of the data, recorded observations can be naturally
projected on a regular space-time grid consistent with the sur-
vey’s resolution to obtain the full time evolution of the veloc-
ity fields in the area. The consistency between the space-time
resolution of observations and model configuration is the first
valuable advantage of the method. The second advantage is its
capability to provide statistical estimates of the accuracy of
reconstructed velocity field at every time step. The OI tech-
nique has more than 60-year history of application in environ-
mental sciences, and as it has been demonstrated by many
authors (e.g., Bretherton et al. 1976; Thiébaux and Pedder
1987; Wunsch 1996), the method is pretty robust and easy
to implement. In the considered application, the background
error statistics is derived from the output of a regional circu-
lation model. The approach does not require knowledge of the
model forecast skill mandatory for the implementation of
more advanced data assimilation techniques (e.g., Kalnay
2002; Barth et al. 2009).

In the present study, we applied the OI technique to under-
way measurements recorded by a towed (not vessel-mounted)
ADCP and report the performance of a new towed ADCP
system, capable of tidal current surveying at towing speeds
up to 4 m/s. In addition to the standard ADCP preprocessing
software, the system is equipped with a filter which removes
the GPS positioning errors.

The system has been tested in the Boulogne harbour (La
Manche). This region was elected for several reasons. First,
due to its very big tidal range (9 m), relatively strong (2 m/s)
currents, and moderate wind waves (less than 3 m in the an-
nual mean), it is considered to be a prospective place for the
development and testing of the various prototypes of tidal
energy conversion (TEC) devices. Second, there is a strong
necessity to monitor and control the Boulogne harbour envi-
ronment which is affected by the agricultural runoff and
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pollution by local industries. Finally, there is a growing de-
mand of accurate low-cost estimation of tidal currents at the
prospective sites for tidal power generation. The presented
system (towed instrumented platform and data processing
software) was developed in response to these needs and may
prove to be useful in many other coastal applications which
require monitoring coastal environments and tidal circulation.

2 Measurements

2.1 Study site

The measurements presented here were made in the Boulogne
harbour (BLH) located in the Strait of Dover (eastern English
Channel) (Fig. 1, left panel). The surveyed area is approxi-
mately 2×2 km square with a shallow beach in the East, and a
4–8-m deep fairway crossing the domain in the South (Fig. 1,
middle panel). The average depth of the basin is 5.4 m (at the
lowest spring tide), around 8 m in the West, rapidly increasing
seaward. The 0 m isobath delimits the shallow eastern part
with a large drying beach. Surface elevation in the BH exhibits
strong (up to 9 m) variations depending on the stage of the
tide. The local tide is characterized by the predominant semi-
diurnal period, small diurnal inequality, and fortnightly mod-
ulation due to the interference of the major semi-diurnal (M2,
S2, N2) constituents. The asymmetry of sea level variation,
caused by overtides, implies that the duration of falling tide
exceeds that of the rising tide by approximately 2 h with
stronger currents occurring during flood flow. A prominent
feature of tidal circulation in the harbour is a large anticyclonic
eddy driven by the strong northward flow outside the BLH
during the rising tide (Fig. 1, right panel). Although the exis-
tence of the eddy is well known for navigators, its temporal

variability and the circulation pattern during the ebb flow have
not been quantified in detail.

Strong tidal forcing induces vertical mixing throughout the
water column in the majority of the domain. Circulation in the
harbour can be also affected by the discharge of the Liane river
whose transport is regulated by a number of tidal gates. When
the gates are open, the peak discharge may reach 106 m3/day,
which is quite significant given the small water volume
(3×107 m3) in the harbour.

2.2 Measurement system

High-resolution current mapping was performed in the BLH
using an experimental platform carrying a broadband ADCP
(1200 kHz Teledyne RDI WorkHorse Sentinel) towed by a
light boat (zodiac). The platform, featuring two cylindrical
hulls 1.80 m long and 0.22 m in diameter, connected by a
0.8×0.8-m stainless frame, is able to carry other instruments,
such as mini CTD, ADV (Fig. 2). The distance from the boat
is controlled by an adjustable side fin allowing to avoid con-
tamination by the wake of the boat. Two additional rear fins
installed on the hulls assure stability of the forward propul-
sion. The ADCP’s transducer head is located roughly 0.2 m
below the water surface with the third beam aligned along the
platform’s centreline. In the test runs, the blanking was set to
0.3 m, the bin size to 0.5 m, and the center of the first bin was
roughly at 0.75 m. The velocity profiles were obtained
throughout the entire water column. The ADCP was set to
operate at the pinging rate of 1 Hz. Velocity profiling was
carried out within 1-s interval. Each ping for velocity was
composed of three sub-pings averaged within 1-s interval,
providing velocity error of 0.04 m/s. Single-ping bottom
tracking was enabled to correct for boat’s movement, and
the recorded velocities formed a current vector in the fixed
frame relative to the bottom.

Fig. 1 Left panel: Map of the Strait of Dover with bathymetry (m) and
location of the Boulogne harbour.Middle: Map of the Boulogne harbour
with bathymetry (m) and three successive surveys: 1200-1400GMT on
March 27, 2012 (green), 0700-0825GMT on March 29, 2012 (red), and
1740-1920GMT on June 28, 2012 (blue). Location of the bottom-

mounted ADCP is shown by the black square, 250 m east of the
concrete caisson (CC). Right: aerial snapshot of the Boulogne harbour
during the flood flow, HW−1 h. An anticyclonic eddy centered 400m east
of the western dyke is clearly seen
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The boat speed was varied during the surveys in the range
within 2 to 5 m/s for the majority of the tracks. Higher towing
speed (4–5 m/s) was occasionally chosen to test the limits of
the system’s ability of velocity profiling. The recorded ADCP
data were merged with high-resolution GPS data. The
geolocalisation system GENEQ SXblue was mounted on the
left side of the platform (Fig. 2) and operated at 1 Hz, provid-
ing the nominal positioning accuracy better than 1 m.

2.3 Towed ADCP surveys

Three surveys were performed to assess the circulation pattern
in BLH and to test the system in operation. Their tracks are
shown in themiddle panel of Fig. 1. The first surveywas made
onMarch 27, 2012 at 12–14 UTC, during the flood tide (HW-
1.5 h to HW+0.5 h). The second survey took place 2 days
later, on March 29. It was targeted at monitoring the currents
during the ebb flow and lasted slightly less than 1.5 h from
LW-2.3 to LW-1 h. The third, 1.7-h survey, was performed on
the 28th of June 2012 between HW+0.3 and HW+2 h.

The transects were oriented roughly in the meridional di-
rection and were separated by 200–300 m (Fig. 1, middle
panel). During the third survey, a couple of tracks were
repeated twice at different towing speeds with an objec-
tive to evaluate the impact of towing velocity on the
system’s performance.

Current velocities throughout the water column were
corrected for boat motion, using both bottom-tracking and
GPS coordinates available at 1-s resolution, and then
smoothed by the Gaussian-shaped running window with the
half-width τ of 15 s. The filter removes variability on spatial
scales of 2vτ (v is the towing speed). After that, the velocities
were subsampled every 30 s, so that separations between the
thinned along-track data points varied within 60–100 m, de-
pending on the towing speed.

Figure 3 shows northward velocity time series recorded in
the surface layer during the third survey along two tracks in
the eastern part of the BLH, 1 h after the HW. Significant
variability of the velocity on various time scales is observed.
The respective velocity spectra (not shown) are rather noisy
with a slight dominance of velocity fluctuations at 6–8-s pe-
riods, probably caused by the effect of surface waves. The
intensity of velocity fluctuations, normalized by the mean ve-
locity magnitude, ranges from 1.6 for northward track to 0.9
for southward track (Fig. 3). Lower variability was typically
observed at higher towing speeds (3.5–4 m/s) and when
towing along the waves (track 6 in Fig. 3). Similar variability
has been observed in the records of the along-track coordi-
nates. After filtering the velocity and coordinate values, the
typical towing speed was nearly constant, ranging within 2–
2.5 m/s (4–5 m/s for fast surveying), and the velocity values
did not show any variations at spatial scales below 200 m.

3 Optimal interpolation of velocity measurements

3.1 Basic formulation

Towed ADCP measurements from repeated tracks contain
information on both spatial and temporal variations of tidal
currents, and a number of techniques have been used to sep-
arate these variations. Some of them use harmonic represen-
tation of velocity evolution. This approach brings artificial
disturbances into the spatial structure of velocity field while
methods based on biharmonic splines impose spatial smooth-
ness of the interpolated field, which is a reasonable choice for
many applications where temporal variability could be
neglected. A short review of the interpolation methods for
tidal velocity surveying has been done by Vennell (2006).
More recent approach, aiming to preserve the dynamically
consistent structure of the flow (i.e., the physics of tidal mo-
tion), utilizes a numerical model for velocity interpolation
(e.g., Goddijn-Murphy et al. 2013).

A straightforward way of constrained spatial interpolation
of a vector field is the well-known method of optimal inter-
polation (OI) pioneered by Gandin (1963). Since then, the
approach was widely adopted in geosciences (e.g.,
Bretherton et al. 1976; Thiébaux and Pedder 1987). The OI
technique can be easily extended to include time dimension by
using the space-time correlation functions. In this approach,
the optimal correction to the evolution of a background vector
field um(x,t) defined on a regular (model) grid is represented
by a linear combination of the weighted differences between
the background model trajectory and the observed velocities.
The weights ai are chosen so as to minimize the mean square
difference between observations ui

* and the background field
values um, interpolated into the space-time locations of the
observations by the (linear) operator Hi, projecting gridded

Fig. 2 The experimental towing platform with (1) ADCP profiler, (2)
high-precision GPS and data acquisition module, (3) GPS antenna, (4)
Acoustic Doppler Velocimeter (ADV)
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velocity values onto the ith observation point from the apexes
of the enveloping grid cell:

Ju ¼ um þ
X

i
ai H

i um−u*i
� �h i 2

� �
→min aið Þ: ð1Þ

Here, angular brackets denote the statistical (ensemble) av-
erage, and summation is made over all (distributed in space
and time) the velocity values measured during the survey pe-
riod. Given the space-time covariance matrices of the model
B=<um(x,t)um(x’,t’) > and observations Rij=<ui

*uj
*>, and

assuming that observation errors are not correlated with the
model (background) errors, the OI interpolation formula takes
the form:

uopt ¼
X

i j
BHT

j H iBHT
j þ Ri j

� �‐1
H i um−u*i
� �

: ð2Þ

In most applications (as well as in the present study), the
observation error covariance is assumed to be diagonal. In the
considered case, the diagonal values of R are equal to the
variances of the along track velocity samples taken at 30-s
intervals. The OI takes explicit account of the expected spatial
structure of both model and observational errors to produce
the velocity field with the least error variance (in a way as to
most effectively remove the impact of noise with prescribed
space-time structure). More than 50-year history of the appli-
cation of the OI, the theoretical basis, and a huge amount of
publications state that it is a robust interpolator of the noisy
data (see for example Wunsch (1996) for more ample discus-
sion). In order to apply Eq. (2) to the velocity surveys, one has
to specify the algorithms for computing um(x,t) and B.

3.2 Numerical model and computation of the model error
covariances

In the present study, the estimation of the sea state was based
on the hydrodynamic model MARS-3D (Lazure and Dumas
2008). The model was configured at 140-m horizontal resolu-
tion with 20 sigma levels, vertically distributed such as to
provide enhanced resolution near the surface and seabed.

Forcing at the open boundaries was taken from a coarser res-
olution (1 km) model of the English Channel driven by the
realistic winds, heat fluxes, and river runoff. The model em-
ploys a time-varying spatial grid in the vicinity of the coastline
thus taking into account the wetting and drying phenomenon
(Plus et al. 2009). The time step of 30 s for both external and
internal modes was used. Regional model validation was done
by comparing model fields with tidal gage data in 20 ports, sea
surface currents recorded by VHF radars, and velocity profiles
recorded by a bottom-mounted ADCP deployed in front of the
BLH in 2009. More details on the model configuration and
validation can be found in Jouanneau et al. (2013). Both
coarse (1 km) and fine (0.14 km) resolution models were run
for two 35-day periods, in March and June 2012, to simulate
currents during the survey periods and to acquire statistics of
the current variability. Each coarse resolution model run was
preceded by spin-up run. The output velocities from the high-
resolution model were interpolated from sigma to z vertical
levels with 0.5-m spacing, averaged within a surface layer of
2-m thick, and used for computation of the fine-resolution
model error covariance B.

In the present study, we used the 7.5-day model run con-
taining 14 2-h periods corresponding to tidal stage of survey 1.
For two other surveys, we used other periods specified in
Table 1. Each 2-h model trajectory, sampled at 30 s resolution,
constitutes an ensemble member. The background model tra-
jectories um(x,t) corresponding to the surveys were obtained
by averaging over the respective 14 2-h periods (i.e., ensemble
members are separated by one tidal period). In a similar man-
ner, the space-time background covariance matrixBwas com-
puted by averaging over the same 14 ensemble members ex-
tracted from the 7.5-day model runs when the modeled tide
was exactly in sync with the one observed during the corre-
sponding survey (Fig. 4). Thus, the background covariance
matrix is not homogeneous in space and time and is rank
deficient. To improve the accuracy in estimating B, the matrix
elements were localized using the standard localization tech-
nique (Hamill et al. 2001) with isotropic Gaussian-shaped
localization function. Its half widths (localization scales) in
the horizontal L=1 km and temporal Lτ=6 h directions were

Fig. 3 An example of two ADCP
records acquired along two
transects at the end of the third
survey. Original record of the
northward velocity is shown by
the spiky gray line. Solid line
shows filtered data. White circles
show velocity values used for
data interpolation in space and
time
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established in series of numerical experiments. The obtained
space-time covariances appeared to capture the dynamical
structure of the error fields reasonably well due to the strongly
periodic nature of the tide.

The computation of B was performed three times, one time
for one particular survey. The interpolation grid adopted for all
three surveys contained n=10×15 grid points covering the
interior of the harbour (Fig. 5). Estimation of Bwas one of the
most time-consuming parts of the algorithm. However, given
a relatively small size of the domain (150 grid points in hor-
izontal, nt=170–240 observations in time) explicit computa-
tion of all the elements ofB required by Eq. (2) was performed
for each survey.

In this study, we focus on the assessment of the surface
circulation in the BLH. For this reason, only velocities in the
layer extending from 0.5 to 1.5 m below the sea surface were
processed. We did not attempt representing velocity profiles
nor depth averaged velocities, relegating this issue for later
research.

The overall interpolation quality was quantified in two
ways: by estimating the mean relative difference with the data:

e ¼
X

i
Hi u

m−u*i
� �2.X

i
u*i

� �2h i 1=2
; ð3Þ

and by calculating the mean interpolation error field σ(x)
which was assessed for each survey by time averaging of the
diagonal elements of a posteriori error covariance matrix:

σ2 xð Þ ¼ diag B‐BHT HBHT þ R
� �‐1

HB
h iD E

: ð4Þ

Here,H stands for the nnt×ntmatrix whose ith row is given
by the nnt components of Hi., and < > denotes time average.

3.3 Tidal circulation in BLH: observed and simulated
velocities

Model simulations showed that the tidal circulation inside the
BH is not strong, with maximum current velocity of the order
of 0.5 m/s, observed in the northern sector of the harbour, and
spatially averaged velocity of the order of 0.2 m/s at mean tide
(Fig. 4). During rising tide, a large anticyclonic eddy, driven
by the strong (1–1.5 m/s) northward flow outside the harbour,
is formed at HW-2 h. This transient eddy moves northward
and disappears at HW+3 h. During the falling tide, the sea-
ward flow has the highest velocity of 4 h after the HWand the
lowest velocity shortly after the LW (Fig. 4). Shallow topog-
raphy at the extensive eastern beach area strongly affects the
ebb flow through frictional effects.

Table 1 Number of the observation pointsN, mean kinetic energies diagnosed from the surveys KEobs and the respectivemodel runs KEmod, estimated
observation and modeling errors, and misfits e between the observed and modeled, emod, and observed and interpolated, eint, velocities

Survey N KEobs
(m2/s2)

KEmod

(m2/s2)
Obs. error
(m/s)

Mod. error
(m/s)

emod eint

Mar 27, 1200-1400GMT
HW-1.5 h–HW+0.5 h

240 0.076 0.061 0.13 0.12 0.44 0.23

Mar 29, 0700-0825GMT
LW-2.3 h–LW-1 h

170 0.023 0.028 0.07 0.10 0.67 0.33

Jun 28, 1740-1920GMT
HW+0.3–HW+2 h

200 0.045 0.034 0.15 0.11 0.52 0.14

Fig. 4 Time series of the model-derived spatially averaged SSH (black)
and surface velocity magnitude (magenta) during the first 3.5 days of the
model run. Hatched areas show the periods of towed ADCP surveys: on
March 27 (green), close to HW, and on March 29 (red), close to LW in
Boulogne. Gray shading shows model ensemble members used for the

estimation of velocity covariances: darker shading and green hatching for
the survey 1 (HW), light gray shading and red hatching for survey 2
(LW). The period of the bottom-mounted ADCP deployment on
March 27–28 is shown by vertical dashed lines between hours 35 and 60
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Vector maps of the observed and modeled velocities are
shown in Fig. 5 for three particular stages of the tide

corresponding to the mid times of the surveys. Vertically av-
eraged observations, sampled at 0.75, 1.25, and 1.75 m, are
plotted in Fig. 5 by red arrows for comparison.

The mid-time snapshots of model fields for each survey
provide a general view of the consistency between the data
and the model before interpolation. Visual inspection reveals
significant differences in current speed and direction which
apparently depend on horizontal coordinates and tidal stage.
In particular, a certain underestimation of the velocity field by
the model is found in the southern and eastern parts of the
harbour. The discrepancy probably comes from improper
model representation of the sandy bottom. Quantitatively,
the respective values of e (Eq. 3) varied within 0.44–0.67
(seventh column of Table 1). Such a large misfit can be partly
attributed to the abovementioned underestimation of the cur-
rent velocities by the model (surveys 1 and 3), or their over-
estimation (survey 2), which is quantitatively visible from
comparison of overall kinetic energy values (columns 3 and
4 of Table 1).

Qualitative inspection of Fig. 5 also indicates the necessity
of space-time interpolation of the survey data. As an example,
a large convergence in the surveyed velocity field is observed
∼300 m east of the western dyke in the southern part of the
domain during first survey (Fig. 5a). Even larger convergence
is visible at the harbour entrance during the second survey
(upper left corner in Fig. 5b). On the contrary, the model fields
never exhibit such large convergences. We attribute this phe-
nomenon to a relatively large time (20 min) between the re-
spective observations at successive transects: the direction of
the relatively weak flow in Fig. 5b does change in approxi-
mately half an hour, as the tidal currents reorganize from the
inflowing into the outflowing pattern. Similarly, the difference
in current direction in the southern sector of the harbour
(Fig. 5a) is related to the northward eddy displacement during
the flood flow. As it will be shown in the next section, this
spurious feature could be eliminated by proper space-time
interpolation.

3.4 Space-time interpolation of velocities

The end goal of surveying is to provide an estimate of the
velocity field evolution in the area. For a single survey, this
is not straightforward due to the temporal evolution of tidal
flow. If the surveying time ts is comparable with the charac-
teristic time scale T of the velocity field, the data have to be
interpolated not only in space but in time as well. In the re-
gions dominated by tidal dynamics (T∼2–4 h), the latter situ-
ation (ts∼T) occurs if surveying is done at the typical speed of
a few meters per second, and the surveyed area is larger than a
few hundred meters, which is the case in most situations.
Goddijn-Murphy et al. (2013) employed a simple interpola-
tion technique to synchronize 2–3-h long surveys at the central
reference time using the output of a numerical model. The

Fig. 5 Observed (red arrows) and modeled (gray arrows) velocity fields
during the first (a), second (b), and third (c) surveys. Model velocities are
taken at mid time of each survey
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synchronized data were then interpolated in space to produce
the desired distribution of the velocity field on a regular grid.
The presented system is supported by a more general model-
based algorithm which utilizes information on space-time cor-
relations between the tidal currents constrained by topogra-
phy, continuity, stratification, and tidal forcing at the bound-
aries. The proposed algorithm is capable of estimating the
flow field properties at any moment of the survey and provid-
ing the corresponding error fields.

Figure 6 gives an example of the interpolated velocity pat-
terns at the mid times: HW-0.5, LW-1.7 and HW+1 h, for the
first, second, and third surveys, respectively. The respective
observations were projected to the mid time by the OImethod,
i.e., using space-time correlations provided by the model for
the tidal stages corresponding to the surveying periods. The
interpolated fields do not contain spurious convergences or
divergences of the type seen in Fig. 5a, b and vary smoothly
in both space and time. However, the overall agreement be-
tween the modeled and interpolated fields varies depending on
the number of observations, their space-time distribution, and
the model’s capability to correctly reproduce tidal phasing and
fine scale features of the circulation. Overall, the best agree-
ment is achieved for survey 3, the worst for survey 2. These
conclusions are supported by the estimates of the model-data
misfits emod and differences in the mean kinetic energy (cf.
columns 3, 4, and 7, 8 in Table 1). A prominent feature of tidal
circulation in the BH at rising tide—the clockwise rotating
transient eddy—was successfully reconstructed by both sur-
veys (Fig. 6a, c).

To assess the interpolating skill of the OI method, we per-
formed spatial interpolation of velocities sampled during the
survey 1 using Kriging technique (Holdaway 1996) with iso-
tropic Gaussian weighting function. Since the weights do not
account for time evolution, the interpolated field is could be
assumed to represent velocity distribution at the mid time of
the survey.

The results of both interpolating techniques are summa-
rized in Fig. 7. The interpolation error ei=Hiu-u*i at the mea-
surement points (Fig. 7c, d) shows much larger fluctuations
for Kriging technique with an averaged absolute error value
e=0.15 m/s for the meridional velocity component, chosen
for comparison. The average misfit is lower for the OI method
(e=0.09 m/s) which provides a 50 % gain in accuracy due to
taking into account time evolution of the current field.

Another evident advantage of the OI is its capability to fill
the entire space of the harbour with interpolated data, whereas
Kriging technique provides somewhat less realistic results es-
pecially at the periphery of the domain (Fig. 7b). Moreover,
comparison shows (Fig. 7) that Kriging and OI provide quite
different results in reconstructing the key circulation feature
(anticyclonic eddy) during the flood flow. Location of the
eddy’s center provided by Kriging method is somewhat
200–300 m north of its real position diagnosed by OI and seen

in Fig. 1 (right panel). The overall relative error of interpola-
tion is notably larger for the Kriging technique (eint = 0.35)
compared to OI (eint = 0.23, Table 1, column 8).

Fig. 6 Velocity fields (blue arrows) derived from the survey data by
space-time interpolation using model velocities (gray) for estimation of
the spatio-temporal correlations. The interpolated and model fields are
shown for the mid time of the first (a), second (b), and third (c) surveys
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The space-time interpolation also allows tracking the mo-
tion of the anticyclonic eddy from observations. As an exam-
ple, Fig. 8 shows three snapshots of the velocity field: 20 min
after the beginning of the first survey, at HW-1.2 h (Fig. 8a); at
the end of the first survey, at HW+0.5 h (Fig. 8b); and at the
end of the third survey, at HW+2 h (Fig. 8c). As it can be
seen, the OI method enables relatively accurate assessment of
the circulation pattern. At the beginning of the period (HW-
1.5 h), the eddy center was located just south of the harbour
entrance, 300 m east of the western seawall, and its size ap-
peared to be somewhat smaller than in Fig. 5a, but consistent
with the aerial photo (Fig. 1, right panel) taken 1 h before the
HW during mean tide conditions. Qualitative comparison of
the right panel in Figs. 1 and 8a reveals a high degree of
consistency between the remotely sensed circulation pattern
and interpolated velocity field at the corresponding stage of
tidal cycle (HW-1.5 h). The eddy occupies the southern and
central parts of the BH, dominating over two thirds of the total
area. In the northern part, the water inflow is observed with
mean velocities ranging from 0.5 to 1 m/s. A part of this flow
continues east-northward and leaves the harbour through a
passage between the northern seawall and the coast. Later,
(at HW+0.5 h), the eddy migrated northeastward and expand-
ed in size to occupy the entire area of the harbour (Fig. 8b).
1.5 h later, the center of the eddy moved slightly northward
with the currents directed out of the harbour on the eddy’s
western periphery, matching the ebb tide. The background
color in Fig. 8 indicates the difference in the velocity magni-
tude between the space-time interpolated currents and the

respective currents of the background model run. Most of
the data-induced changes are observed in the northern part
of the harbour with the major difference (≈0.30 m/s) at the
periphery of the eddy, showing significant modifications of
the circulation pattern provided by the interpolation.

During the second survey (LW-2H, on March 29), the evo-
lution of the flow field was less prominent (results not shown).
This is due to the relatively short duration of the survey (ap-
proximately 1.7 h), the weak current field, and the absence of
rotational flow. The current pattern remained similar to that
shown in Fig. 5b with minor variation of the magnitude. It did
not exhibit any eddy-like features and resembled a typical
outflow pattern with spatially homogeneous divergence.

3.5 Cross validation with bottom-mounted ADCP

To test the quality of interpolation and its ability to reproduce
the time evolution of the flow field, the interpolated velocity
series were compared with velocity records obtained by the
bottom-mounted ADCP, which was deployed for 25 h be-
tween March 27 and 28, in the middle of the harbour entrance
(black square in Fig. 1), 300 m east of the concrete caisson.
The ADCP, installed on the bottom tripod (Searider of
OceanScience), was recording velocities in the fast pinging
mode (2 Hz) with the bin size of 0.4 m. Figure 9 shows me-
ridional and zonal velocity components recorded by the
ADCP. One can see that the strongest currents (>0.8 m/s)
occur approximately 1.5 h before the HW with a clear domi-
nance of the zonal velocity. Velocity profiles are nearly

Fig. 7 The interpolated (gray) and observed velocity fields (red) during
the first survey (1200-1400GMT, March 27, 2012). OI interpolation of
the data for the mid time of the survey (a) and results of interpolation
using Kriging technique (b). Meridional velocity component of the

interpolated fields projected at measurement points (gray line) and
observed velocity component (red line) are shown for each
interpolation method below the respective panels (c, d)

Ocean Dynamics (2016) 66:119–132 127



homogeneous in the water column during the flood tide, with
slightly decreasing velocity values towards the bottom and the
surface. As already mentioned in Section 2.1, the ebb tide lasts
longer than the flood tide, and the velocity evolution is char-
acterized by a strong asymmetry.

The first survey (its period is shown by blue lines in Fig. 9)
was conducted 2 h after the ADCP deployment. The velocities
recorded by the bottom-mounted ADCP, approximately 1 m
below the surface, the respective model velocities in the sur-
face layer, and the interpolated velocities are shown in Fig. 10.
The comparison demonstrates a good qualitative agreement
between the ADCP and the model (correlation values
C=0.81 and C=0.87 for zonal and meridional velocity com-
ponents, respectively). A considerably better agreement is
achieved for interpolated velocities (C=0.97 and C=0.89)
derived from the survey measurements. In terms of the mean
relative errors, the survey-derived velocities are characterized
by almost two times lower values of e than velocities simulat-
ed by the model (e = 0.09 and e = 0.17, respectively).
Moreover, a noticeable phase lag between the ADCP data
and modeled zonal velocity (compare black squares and black
line in Fig. 10) is effectively eliminated in the interpolated
velocity series. These results provide a reasonable support
for the validity of the proposed OI interpolation algorithm.

3.6 Interpolation errors

Accuracy of the velocity field reconstruction was estimated
using the relationship (4) for the diagonal elements of a
posteriori error covariance matrix that merges information
available from the model and observations. The latter has a
contribution from the instrumental error of velocity profiling
(0.04 m/s for the ADCP configuration in use) and the repre-
sentation error, ranging from 0.05 to 0.14 m/s, which accounts
for velocity variations at time scales below 30 s (Fig. 3). The
intensity of these sub-grid velocity fluctuations depends main-
ly on environmental variables (e.g., wind and wave effects),
transect orientation with respect to the surface waves, and the
speed of surveying. In general, surveying in the along wave
direction provides lower rms errors (0.05–0.10 m/s). The
model errors were estimated as the rms variation of the veloc-
ity field over the 14 ensemble members.

The towed ADCP observational uncertainties (0.07–
0.15 m/s) are larger compared to the moored ADCP and HF
radar current measurement uncertainties (e.g., Liu et al. 2014).
However, the proposed technique provides a significant error
reduction estimated as the ratio γ= (σ2(x) /<diag B>)1/2 and
varying in the range 0.3–0.6, which increases the confidence
in velocity field reconstruction from ADCP measurements.
Figure 11 shows a composite map of the error reduction ratio
γ for the first survey. The numerator and denominator in the
expression for γ were computed by time averaging over the
240 snapshots of the corresponding error fields. The values of
γ appear to be somewhat larger near the exit and outside the
Boulogne harbour due to larger modeling and observational
errors in the regions of stronger currents. In the absolute
values, the time-mean interpolation errors σ were 0.07, 0.03,
and 0.06 m/s for the first, second, and third surveys,

Fig. 8 Evolution of the transient anticyclonic eddy starting at HW-1.2 h
(a) to HW+0.5 h (b) to HW+2 h (c). Red arrows show 30-s averaged
ADCP velocities recorded along the track of surveys 1 and 3 for the
respective tidal stages. Blue arrows show interpolated velocities.
Background shading reflects the difference between the survey
velocities interpolated in space and time and model velocities at mid-
time of surveys 1 and 3 (shown in Fig. 6a, c)
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respectively. This is significantly smaller than the estimated
modeling and observation errors and consistent with the mean
misfits shown in Table 1 (columns 4, 5 and 7, 8).

Inspection of the differences between the interpolated ve-
locities and the ensemble-averaged model run indicates that
the model slightly overestimates the northern inflow into the
harbour and underestimates the circulation in the BLH interior
(Fig. 8a). At the start of the first survey, the inflow is disturbed
by a caisson located in the middle of the harbour entrance,
producing an extra clockwise vorticity. By the end of the sur-
vey, the velocity difference becomes small (0.03–0.06 m/s) all
over the domain (Fig. 8b), with an exception of the 0.06–
0.10m/s overestimation of the northern inflow. Similar behav-
ior has been diagnosed for the third survey (Fig. 8c) and (to a
lesser extent) second survey. Such error structure of the flow
field near the BLH entrance can partly be explained by the

presence of the Bconcrete caisson^ (10×10 m), not resolved
by the model grid, whose impact on the circulation is clearly
visible during the inflow phase of the tidal cycle.

4 Discussion and conclusions

Due to the growing interest in tidal energy conversion
technique worldwide (Black and Veatch 2005), and in
the northwestern European shelf seas in particular (e.g.,
Lewis et al. 2015), a detailed assessment of the natural
resource is required to determine commercial viability of
any project prior to device deployment. Underway vessel-
mounted ADCP observations are especially efficient for
monitoring of the tidal flows and computing the energy
fluxes through the channels in tidally dominated basins

Fig. 9 Ten-minute averaged
zonal (above) and meridional
velocities measured by the
bottom-mounted ADCP as
functions of distance above the
bottom. White lines match zero-
velocity value. Blue dashed lines
show the period of the first ADCP
survey on March 27

Fig. 10 Zonal (black) and
meridional (gray) velocity
components observed by the
bottom-mounted ADCP (solid
line), simulated by the model
(squares), and derived from the
interpolated (OI) survey data
(black circles) in a grid point
closest to the ADCP location
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(Fairley et al. 2013). The transect time is a well-known
limitation of vessel-based surveying compared to bottom-
mounted instrumentations. To avoid distortion of the re-
sults caused by temporal variation of the tidal flow during
the survey, very short (20–30 min) transects are repeated-
ly made, usually around the peak tidal flow (e.g., Evans et
al. 2015). The respective spatial patterns of power density
suffer from the lack of consistency due to noise in the
data and to temporal variation of the flow. This time lim-
itation prevents continuous studies of larger domains
which require surveying times comparable with the char-
acteristic time scale of the velocity field (T∼2–4 h).

The end goal of the surveying of any area under tidal in-
fluence is to assess the velocity field evolution. It can be
achieved through accurate space-time interpolation of the sur-
vey data recorded at high spatial resolution. The efficiency of
such interpolation is based on tight spatial and temporal cor-
relations of the velocity field within the tidal cycle. In their
recent study, Goddijn-Murphy et al. (2013) showed that if a
tidal model provides a reasonable estimate of flow field, an
output of the model could be utilized to project the transect
data to a fixed (central) time of the survey. Using a 2D model
POLPRED (Proudman Oceanographic Laboratory Model),
they performed a reasonably accurate synchronization of the
velocity data to the mid-survey time. However, a relatively
coarse resolution of the model did not allow assessing
smaller-scale features of the tidal flow, such as eddies, cross
currents, and jets, while temporal resolution of the model
(10 min) appeared to be close to the limit required for
resolving rapid evolution of these features. It should be
mentioned that the majority of oceanographic vessels op-
erating in coastal regions are equipped with an ADCP, and
availability of a technique for calculating virtual snap-
shots of the velocity field from the underway velocity
measurements is an important issue.

The present study has two objectives. First, we present a
low-cost, compact, experimental platform for underway cur-
rent profiling. The towed system has several advantages over
vessel-mounted ADCP: (a) it offers a possibility of profiling at
low depth (up to 2 m, for example), (b) it is not intrusive and
does not disturb the flow especially in the surface layer, and
(c) it provides increased accuracy of velocity and bottom
tracking (due to small disturbances of the ADCP mounted
on freely floating frame, than installed on a big boat).

The platform can be easily upgraded to a multi-sensor ob-
serving system by installing additional instruments such as the
Acoustic Doppler Velocimeter (ADV) for velocity recording
near the water surface and a micro-CTD for underway mea-
surements of temperature, salinity, oxygen concentration,
fluorescence, and other quantities. Another advantage of the
system is that it does not require cable connection to the on-
board computer for data acquisition. The data are recorded
and stored in the instruments during the survey.

Second, we extend the approach of underway velocity pro-
filing by employing the optimal interpolation technique in
both space and time to retrieve the entire evolution of tidal
currents from the survey data. The technique employs tight
space-time correlations in the tidal flow field that can be ac-
curately simulated by the existing state-of-the-art numerical
models.

Three test surveys were performed in the Boulogne harbour
(Opal coast of France). Results of the testing indicate that tidal
circulation in limited domains (starting from 1×1 km) can be
accurately reconstructed from underway ADCP data acquired
by a single towed platform capable of surveying at speeds up
to eight knots (4 m/s) under moderate wave conditions. The
result is obtained by blending filtered observations with the
output of a numerical model in the framework of optimal
interpolation of the data in both space and time. The utilized
MARS-3D model provided the first guess (background) evo-
lution of the velocity field in the study area which was then
corrected by the data. The proposed space-time interpolation
algorithm explicitly takes into the account both observational
and modeling errors, and the latter was derived from the sta-
tistics of a longer model run executed in the area prior to the
survey.

Due to the high resolution of measurements and the model
grid, the interpolated velocity fields capture all the key fea-
tures of circulation in the BH, such as rapidly evolving tran-
sient eddy, tidal jet at the harbour entrance, and diffuse flow in
the shallow regions during the ebb tide.

The quality of the currents’ reconstruction was validated in
two ways: against the mean tide model run and against inde-
pendent bottom-mounted ADCP data. Both tests demonstrat-
ed significant (30 to 60 %) reduction of the model-data misfit
for the velocity field obtained as a result of space-time inter-
polation. Good correspondence between the interpolated sur-
face velocities and velocities observed by the bottom-mounted

Fig 11 A composite map of the error reduction γ for the first survey
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ADCP 1 m below the surface indicates an interesting possi-
bility of reconstructing the entire 3D evolution of the velocity
field within the tidal cycle by blending the vertical velocity
profiles obtained during the survey with the model output.
This extension of the interpolation algorithm would require
consistent representation of the boundary layer physics and
frictional effects by the model as well as availability of an
improved high-resolution bathymetry. We believe, however,
that the presented synthesis of the surface velocity observa-
tions with the model output does already provide a significant
improvement in the underway tidal velocity surveying in
terms of both the decreased discrepancy and better correla-
tions with independent observations.

The presented low-cost current mapping system can be
seen as complementary to other coastal observing systems,
such as HF radars and moored ADCPs. The former has an
advantage of high temporal (∼20 min) and spatial (0.5–
1 km) resolution. However, the noise level for radial velocity
measurements by a radar can reach 0.08 m/s (Forget 2015).
Limitations related with the sea state and the presence of
islands and headlands can increase the observation error or
considerably decrease the amount of the available data in
some sectors of a radar coverage zone. Despite somewhat
lower accuracy (0.10–0.15 m/s) of a towed ADCP system
compared to HF radars, it has a capability of measuring sub-
surface currents, while the proposed interpolating algorithm
reduces the observation error by up to 60 %, thus increasing
the accuracy of the reconstructed velocity field. We believe
that the proposed current mapping system may advance un-
derstanding and assessing coastal circulation in tidal environ-
ments, especially when used in combination with moored
ADCP and/or HF radar velocity observations.

Further development of the system could be done in several
directions. An important issue is an improvement of the nu-
merical model, whose performance is crucial for the space-
time interpolation of the survey data, especially in the case of
4D interpolation. In that respect, utilizing the water depth data
acquired by the presented surveying system is essential for
accurate mapping of the seafloor and for enriching the inter-
polation algorithm by information on SSH variability.
Additional data from local tidal gages can also be used to
improve the quality of the survey processing. Another inter-
esting possibility involves processing the suspended particle
concentration also recorded by the experimental system.
Combining these records with the reconstructed velocity field
and the passive tracer transport model, it might be possible to
obtain estimates of the suspended matter dynamics, which is
very important in many applications.

The presented mobile surveying system has been success-
fully tested in several shallow water (5–25 m) tidal basins
including the Dover harbour and (non-tidal) Gulf of Lyon
(Barbin et al. 2014) and demonstrated good performance at
towing speeds up to 4 m/s. The system is equipped with a

relocatable numerical model (MARS) which allows efficient
space-time interpolation of the survey data at high resolution
in ports and estuaries. Due to the hardware portability
(Section 2.2), the system is fast in deploying and providing
surveillance results at the expense that is significantly below
the typical cost of ADCP surveying from larger vessels. The
proposed low-cost mobile surveying system can also be con-
sidered as a good complement to larger stationary coastal
ocean observing systems (e.g., Liu et al. 2015) and could be
efficiently applied in marine energy resource assessments as
well as in more general coastal research. In particular, the
system can be effectively used for detailed studies of the tidal
stream preceding to deployment of reduced-scale and full-
scale tidal turbines (aiming precise positioning and optimiza-
tion of the tidal energy production) for studies of the impact of
tidal turbines on local circulation, turbulence, sediment dy-
namics, and for other applications which require full tidal
cycle surveying at fine resolution.
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