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Figure 1: T
he Fow

airet container carrier 
grounded
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A
fter these events the B

elgian and D
utch authori­

ties started a m
onitoring and hydraulic research 

program
m

e studying the problem
atic cross cur­

rents in the S
cheldt E

stuary. T
he follow

ing 
re­

search questions w
ere to be answ

ered:

• 
W

hat is the cause of the cross current?
• 

C
an w

e predict the cross currents?
• 

C
an w

e m
ake detailed sim

ulations of the cross 
current field?

• 
A

re m
easures possible to reduce the intensity 

and frequency?

1
.3

 T
H

E
 S

C
H

E
L

D
T

 E
ST

U
A

R
Y

T
he R

iver S
cheldt is a low

land river originating 
in the N

orth of F
rance. O

ver its 350 km
 course 

dow
nstream

 it passes B
elgium

 and T
he N

ether­
lands to discharge its flow

 in the S
outhern N

orth 
S

ea. T
he cone shaped estuary form

ing the m
a­

rine part of the river is about 80 km
 in length w

ith 
its banks converging upstream

 and is referred to 
as the ‘W

esterschelde’. T
he large tidal range (3 

-6
 m

) forces strong currents and induces a m
or­

phology characterised by ebb and flood channels 
form

ing so-called m
orphological cells (W

interw
- 

erp et al, 2001). T
he estuary has a very active 

m
orphology w

ith channels and intertidal areas in 
constant m

ovem
ent. H

ow
ever, the current shape 

of the estuary is largely the result of anthropo­
genic 

influences 
such 

as 
dikes, 

dredging 
and

dum
ping, quays and jetties (W

ang et al., 2002). 
M

aintenance dredging is perform
ed on the m

ore 
shallow

 sills located betw
een the m

orphological 
cells w

here ebb and flood channels cross (S
as et 

al, 2007).

T
he sills have been dredged in the past to m

aintain 
the navigation channels to the P

orts of A
ntw

erp, 
G

hent and V
lissingen and the m

axim
al bed level 

has been deepened in the 1970’s to 14.5 m
 be­

low
 N

A
P (the D

utch O
rdnance L

evel, about at 
m

ean sea level) and in the 1990’s to 16 m
 below

 
N

A
P. C

urrently a third deepening/w
idening of the 

navigation channel to 17.5 m
 below

 N
A

P is under 
construction to allow

 ships w
ith m

axim
um

 draft of
13.1 m

 to reach the harbour independently of the 
tidal phase.

1
.4

 T
H

E
 ST

U
D

Y
 A

R
E

A

T
he study area is located in the centre of the estu­

ary w
here it has a w

idth of about four kilom
etres. 

O
nly a sm

all section of the w
idth is available for 

navigation, the sandflat-channel system
 is very 

pronounced w
ith tidal flats at about 0 m

 N
A

P and 
the channels at 20 to 30 m

eter below
 N

A
P (Figure 

2 on the next page). S
ince the tidal prism

 (the vol­
um

e of w
ater that has to pass a section during ris­

ing and falling tide) is large and the channels are 
relatively narrow

 high velocities occur in this part 
of the estuary. In the study area the navigational 
channel m

akes a 180° U
-turn (Figure 2) leading 

to strong secondary flow
s. A

t the inner bend of 
the curved channel, a highly dynam

ic intertidal 
sandflat of about 4 km

2 is located (Figure 2); flow
 

velocities up to over 2 m
/s have been recorded in 

this intertidal area. E
ast of the tidal flat, betw

een 
sand flat and channel, lies an area of 2x1 km

 w
ith 

a bed level at about 8 m
 below

 N
A

P w
hich w

ill 
prove to be of m

ajor im
portance in the develop­

m
ent of a large horizontal eddy and associated 

cross currents.

In the m
ain channel flow

 velocity is slightly out 
of phase w

ith the w
ater level signal. T

he velocity 
peaks about 1 hour before high w

ater, and slack 
w

ater is about 1 hour after high w
ater. E

bb veloc­
ity peaks are low

er than during flood (Figure 3, on 
the next page)
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Curent magnitude |m&]
has aiso been used in order to m

ake a w
ater level 

gradient of the incom
ing tidal w

ave.
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Since the cross currents are probably caused by 
a large horizontal eddy stretching over the entire 
w

idth of the estuary the observation of current ve­
locity in the area is crucial in studying the phenom

­
enon.

Figure 4: L
ocation of the fixed flow

 m
easure­

m
ents (red) and of the sailed transects w

ith 
A

D
C

P on board (blue)

2.2.1 S
tationary

T
hree A

D
C

P’s, tw
o E

lectrom
agnetic V

elocity m
e­

ters (EM
V

) and an A
coustic D

oppler V
elocity m

e­
ter (A

D
V

) have been installed at positions ranging 
from

 the edge of the navigation channel up to the 
tidal flat (Figure 4) betw

een M
arch 7th and A

pril 
12th, 2008. T

his period has been selected since 
it com

prised tw
o expected extrem

e spring tides 
during w

hich the large eddy and cross currents 
w

ere m
ost likely. T

he A
D

C
P instrum

ents w
ere in­

stalled vertically on the river bed, facing the w
ater 

surface, m
easuring flow

 velocity and direction at 
every 25 cm

 (A
D

C
P1) or 50 cm

 (A
D

C
P2, deeper 

w
ater).

Ali instrum
ents functioned properly except for A

D
- 

C
P3 (Figure 4), no data could be recovered. A

t 
the location of A

D
C

P2 the m
ean w

ater depth w
as 

about 7 m
, peak velocities w

ere observed of 0.8 
m

/s during neap tide and 1
.5

-2
 m

/s during spring 
tide.

•4f-
' 

" 
' ’oMcKWM * " " ' " " 

■ 
' 

' 
' ' wiffioK ' ' 

" "

Figure 5: A
D

C
P2 m

easurem
ents on A

pril 8-9,
2008. Flow

 velocity (upper panel) and direction 
(low

er panel) profiles are show
n.

W
hen m

ooring a fram
e w

ith A
D

C
P on a highly dy­

nam
ic sandy river bed the risk of burial exists. So, 

the other A
D

C
P’s w

ere positioned in less dynam
ic 

areas aw
ay from

 the channel and have therefore 
not m

easured the cross current directly although 
an anom

aly in the flow
 direction around high w

a­
ter during som

e spring tides w
as an indication of 

an eddy. In Figure 5, flow
 m

easurem
ent data is 

show
n for tw

o consecutive days (out of a total of 
33 days). T

he tim
e is on the x-axis and the level on 

the left y-axis (relative to low
 w

ater). T
he top panel 

show
s the velocity m

agnitude profile at every burst 
tim

e in colour coding; the black line indicates the 
depth-averaged flow

 velocity (right y-axis). In the 
low

er panel an anom
aly in the flow

 direction due 
to an eddy is show

n just after the last high w
ater 

in the figure. B
ased on this anom

aly the m
odel will 

be validated for long term
 perform

ance.

2.2.2 S
ailed A

D
C

P m
easu

rem
en

ts

In order to com
plete the spatial picture of the flow

 
field, A

D
C

P m
easurem

ents from
 sailing m

onitor­
ing vessels w

ere used. A
t every extrem

e spring 
tide 

the 
D

utch 
M

arine 
A

uthorities 
(R

ijksw
ater­

staat Z
eeland) have been executing this type of 

m
easurem

ents ever since the grounding of the 
Fow

airet. O
n A

pril 7th, 2008 a B
elgian m

onitoring 
vessel joined the m

easurem
ents in order to sail 

along tw
o perpendicular transects at the location 

w
here the eddy w

as expected.
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B
oth the w

ater level gradient and the speed of w
a­

ter level rise (usually expressed in cm
 per m

inute) 
are im

portant param
eters that can be related to 

the probability of occurrence of a large eddy w
ith 

cross currents. T
he navigation authorities in T

he 
N

etherlands are today using the w
ater level differ­

ence betw
een T

erneuzen and H
answ

eert to send 
out a navigation w

arning for m
oderate and strong 

cross currents w
hen it surpasses 84 cm

 and 88 
cm

 respectively. T
he predictive capability of this 

heuristic m
odel is lacking because (i) it not alw

ays 
predicts cross currents (false negatives) and (ii) it 
predicts cross currents w

ithout occurring in reality 
(false positive).

D
uring the planning of the 

m
easurem

ent cam
­

paign 
described 

above, 
a 

prediction 
has 

been 
m

ade of the tidal elevation for the com
plete year 

2008 based on 54 harm
onic com

ponents result­
ing from

 the harm
onic analysis of tidal signals of 

T
erneuzen 

and 
H

answ
eert. 

T
he 

difference 
be­

tw
een both signals results in the predicted w

ater 
level gradient. In this w

ay a period can be selected 
in w

hich as m
any w

ater level gradient peaks occur 
as possible (Figure 8). T

his led to the selection of 
the period M

arch 7th to A
pril 12th, 2008 for the 

m
easurem

ent cam
paign.
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Figure 8: Predicted w
ater level gradient in cm

 (top 
panel) w

ith threshold for navigation w
arning 

indicated at 84 cm
 and the rising speed w

ith a 
threshold at 3.5 cm

/m
inute (low

er panel). The 
optim

al period for m
easurem

ents is indicated.

T
he second param

eter used in this research for 
roughly forecasting the cross currents is the speed 
at w

hich the w
ater level rises, expressed in cm

/ 
m

inute. In case the tidal w
ave w

ould alw
ays prop­

agate w
ith the sam

e speed through the estuary, 
the w

ater level gradient and rising speed w
ould be 

equivalent. E
specially during storm

 surges enter­
ing from

 the N
orth S

ea the w
ater level gradient 

m
ight not be that large, w

hile the high w
ater levels 

m
ake the tidal w

ave travel faster and cause fast 
w

ater level rise.
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T
he m

obile A
D

C
P m

easurem
ents offer a visualisa­

tion of the current vectors along a transect across 
the eddy. In order to quantify the strength of the 
eddy and the im

pact on navigation, the com
po­

nent of the flow
 velocity perpendicular to the local 

direction of the navigation channel has been cal­
culated for ali m

easured flow
 velocity data.

Zuidergat 07-Apr-2008 16:00 -16:10

measured cross-component
■

yr.
tri'

• :n<"tH
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Figure 9: Flow
 m

easurem
ent at high w

ater. 
M

easured current velocity vectors in black, 
calculated com

ponent perpendicular to the 
navigation channel in red vectors (top panel), 
the cross-section of the eddy’s cross current is 

given below
 right.
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eddy and cross current. T
his data w

as com
pared 

to the m
odel results. T

he com
ponent of the flow

 
velocity lateral to the navigation channel axis has 
been calculated from

 the m
odel results and from

 
the m

easured flow
. A

n exam
ple is show

n in Figure 
12.

07-Apr-2008: 16.00 to 16 10

07-Apr-2008 16.11 to 16:22

-1500
-1000

Figure 12: S
im

ulated versus m
easured cross 

currents in the large eddy during tw
o sailed 

transects of about 10 m
inutes. X

-axis: distance 
(m

), Y
 axes: cross current strength (m

/s).

T
he shape of the eddy in the horizontal dim

en­
sions is visualised to show

 the com
plete flow

 field 
around the eddy. A

s show
n in Figure 12 and in 

Figure 13, the sim
ulated eddy has about the sam

e 
strength as the m

easured flow
, although the cen­

tre of the eddy is located slightly m
ore to the north 

in the sim
ulations.

B
ecause the sim

ulation of the shape of the eddy 
and the strength and tim

ing of the cross currents 
w

as successful, the flow
 fields have been extract­

ed from
 the m

odel results and used in the nauti­
cal sim

ulator of the F
landers H

ydraulics institute. 
Pilots are currently being trained for navigation 
through the cross currents in the nautical sim

ula­
tor.

T
he long-term

 prediction capability of the m
odel 

w
as validated by A

D
C

P2 data and an indepen­
dent data set of flow

 m
easurem

ents taken in S
ep­

tem
ber 2006 at tw

o locations on the w
estern edge 

of the navigation channel. T
he validation result 

depends on the m
easurem

ent location. T
his indi­

cates how
 difficult it is to capture the eddy w

ith 
variable position over a long-term

 m
easurem

ent 
cam

paign. O
verall, the m

odel is rather conserva­
tive w

ith m
ore eddy occurrences than observed.

Run2008-37 time = 07-Apr-2008 16:20:00

Figure 13: Sim
ulated flow

 field (black vectors) and m
easured flow

 vectors: A
D

C
P (red) and stationary 

instrum
ents (blue). Flow

 pattern at initiation of the eddy is show
n left (20 m

inutes before high w
ater), 

fully developed eddy show
n right (20 m

inutes after high w
ater).
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A
pplying N

ew
ton’s 2nd law

 in the radial direction 
of the eddy the sum

 of the forces per unit of m
ass 

should 
balance 

the 
radial 

acceleration 
term

s. 
W

hen the eddy is stable and the w
ater particles 

follow
 perfect circular paths the follow

ing ‘gradient 
w

ind balance’ applies (e.g. S
tegner &

 D
ritschel, 

2000):

y
 + f

uS
~

=
0

 
(5-5)

W
hen the term

s are evaluated, w
e see that for 

the developing eddy the balance is not reached 
yet: the outw

ard radial acceleration does not bal­
ance the (larger) inw

ard forces and thus the w
ater 

particles do not follow
 circular paths but are spi­

ralling inw
ards. T

his leads to a w
eakening of the 

pressure gradient in the eddy w
hich in turn forces 

the balance to equilibrium
. A

t this point the eddy 
is in its strongest state in term

s of cross currents 
in the navigation channel (as show

n in Figure 13). 
From

 then on, friction further reduces the revolv­
ing frequency of the eddy, but the low

ered pres­
sure gradient (of the disappearing depression in 
the w

ater surface) m
akes that the balance turns in 

favour of the outw
ard centrifugal acceleration. T

he 
eddy w

idens subsequently, loses its m
om

entum
 

and disappears.5
.2

 IN
F

L
U

E
N

C
IN

G
 F

A
C

T
O

R
S

In this section the am
bient conditions influencing 

the eddy w
ill be discussed. A

n explanation for the 
increased frequency of occurrence of the eddy 
and cross currents is w

orked out.5.2.1 T
idal range

A
s show

n above a correlation exists betw
een the 

w
ater level gradient (A

H
) and w

ater level rising 
speed (dh/dt ) at one hand and the developm

ent 
of a large eddy in the navigation channel on the 
other hand. O

ne could therefore assum
e that the 

increase in frequency and strength of the eddy is 
due to an increase of the peaks in both influence 
factors. T

he peak values of A
H
 and dh/dt during 

spring tide could have increased in the past and 
could be due to an increase of the tidal range. It 
is know

n that the tidal range in the W
esterschelde 

E
stuary has been rising for centuries due to the 

deepening of the channels due to natural and an­
thropogenic factors.

T
he increase in tidal range, how

ever, w
as m

ost

pronounced during the 1970’s (20 cm
 increase in 

the study area) and seem
s to have stabilised be­

tw
een 1990 and 2000 (K

ram
er, 2002).

5.2.2 T
idal asym

m
etry

T
he area of the occurrence of the eddy is the 

only location in the estuary w
here the tide is ebb- 

dom
inant, i.e. falling tide duration is shorter than 

the rising tide duration. W
ang et al (2002) report a 

decrease in the 2cp2-cp4 phase lag betw
een the M

2 
and M

4 harm
onic com

ponents, w
hich is a m

ea­
sure of the nature of the tidal asym

m
etry. A

 value 
of 2

cp2
cp4 betw

een 0° and 
180° indicates flood- 

dom
inance, otherw

ise the tide is ebb-dom
inant. 

For this study, the tidal analysis of the year 2006 
at Flansw

eert show
ed a value of -7°. W

ang et al 
(2002) further show

 a strong increase betw
een 

1970 and 1985. T
his m

eans that the ebb dom
i­

nance has w
eakened and has thus been m

ov­
ing tow

ards flood-dom
inance. T

his evolution m
ay 

have increased the peak flood velocity w
hich in 

turn provides m
ore kinetic energy for an eddy be­

tw
een high w

ater and slack w
ater.
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6.1 T
H

E
 C

U
R

R
E

N
T

 W
A

R
N

IN
G

 SY
ST

E
M

S
ince the grounding of the Fow

airet container car­
rier due to eddy-induced cross currents, the D

utch 
authorities have been m

onitoring the area during 
spring tides and aiso found that there is a relation 
betw

een the w
ater level gradient and the occur­

rence of cross currents. T
hey developed a naviga­

tion w
arning system

 that sends out a w
arning for 

cross currents near H
answ

eert to pilots and cap­
tains w

henever A
H

 exceeds 84 cm
. T

he goal is to 
provide a w

ay to predict, in som
e w

ay, the occur­
rence of cross currents w

ithout having to set up, 
recalibrate and run num

erical flow
 m

odels each 
year.

T
he sam

e prediction m
ethod has been used for 

the planning of the m
easurem

ent cam
paigns in 

this research. It has been found though that cross 
currents still occurred at A

H
 values below

 this 
threshold, w

hile it w
as not possible to reduce the 

threshold because too m
any w

arnings w
ould be 

generated by the system
.

T
he num

erical m
odel developed is used to pro­

pose an im
proved w

arning system
.
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A
H

>84 cm
, but sending out w

arnings using cr >4 
cm

/m
inute gives the m

ost accurate coverage of ali 
cross current events.

Criterion
Cross current 

+ warning 
('correct 

prediction')

Cross current
+ NO warning 

('false 
negative')

NO cross
current +

warning ('false 
positive')

A
H

B
7

6

dh/ht
7

B
9

cr
IO

0
5

T
able 2: C

om
parison of the perform

ance of three 
criteria for prediction of, and w

arning for cross 
currents: A

H
>84 cm

, dh/dt>3.5 cm
/m

in and 
cr>4 cm

/m
in.

Since now
 a new

 tool has been developed to gen­
erate a w

arning, the tidal properties can be hind- 
casted (for e.g. the year 2006) and a cr value can 
be calculated for each tide. T

he probability of ex­
ceedence is then calculated w

hich gives the per­
centage of the tides for w

hich a w
arning w

ould be 
given.

For the year 2006 the cum
ulative probability den­

sity for the cr criterion show
s that in about 4 %

 of 
the tides cross currents w

ould be predicted (Fig­
ure 16).

S 0.6

£
 0.2

cr [cm/min]

D
ue to the relative positions of E

arth, M
oon and 

S
un the stronger spring tides occur often during 

early spring and early fall, but the num
ber of strong 

spring tides per year is strongly varying. In 2008 
a high num

ber of extrem
e spring tides occurred, 

w
hile during the year 2009 hardly any w

ere fore­
seen during the second half of the year.

W
hen tidal predictions are m

ade for ali years be­
tw

een 2005 and 2011 w
e see a trend of increasing 

probability for cross current occurrence (Figure 
17), probably due to the rising tidal range caused 
by the 18.6 year cycle in tidal harm

onics. T
his is a 

w
orrying evolution and m

akes that the m
onitoring 

and prediction capacities should be increased.

9Figure 17: E
volution in the predicted 

probability of cross currents.

N
ow

adays, pilots already have great difficulty sail­
ing safely trough these cross currents. A

n increase 
in strength in the future w

ould ham
per navigation, 

therefore m
easures are to be developed to reduce 

the strength and frequency of these currents.

7
. C

O
N

C
L

U
S

IO
N

S

T
he 

present study aim
ed at understanding the 

m
echanism

s behind the form
ation of a large eddy 

in the navigation channel of the W
esterschelde 

E
stuary during 

strong 
spring 

tides. 
Short term

 
observations of the flow

 velocity w
ith high spatial 

resolution (from
 sailing vessels) as w

ell as long 
term

 m
easurem

ents have been analysed and re­
vealed insights in the flow

 pattern.

Figure 16: C
um

ulative probability density for the 
A

 num
erica, m

odel has been set 
and ca|ibrated

cr cntenon- A
 value of 4 cm

/m
m

ute is exceeded 
f 

„ 
sim

ulation of the large horizontal eddy. T
he 

in 4%
 of the tides in 2006. 
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esterschelde À
stuar befindet sich in den 
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eert. D
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 es zu einem

 
bedeutenden V
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andbank strandete.
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