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PREFACE

Storm surges are a natural phenomenon resulting from a complex interaction between the
atmosphere, ocean and earth's surface (both above and below the sea surface). They occur in
both tropical and extra-tropical regions and represent a potentially catastrophic hazard to coastal
communities and the coastal environment in general, to which many events throughout recorded
history bear witness. Very often it is national Meteorological and Hydrological Services which are
called upon to provide forecasts, warnings and post-event analyses of storm surges, and
appropriate scientific and technical guidance is not always readily available to assist them in this
work.
In recognition of this, the eleventh session of the Commission for Marine Meteorology
(Lisbon, April 1993) endorsed the proposal for two experts to prepare reports on the subject, and
this publication is the result of their work. It is in two parts: a comprehensive review and analysis
of numerical techniques for the prediction of all types of storm surges, by Drs V. Ryabinin and
O. Zilberstein of the Russian Federation; and a detailed analysis of all aspects of extra-tropical
surges, including prediction techniques, by Mr W. Seifert, Germany.
The consolidated publication represents a very valuable addition to the available literature
on storm surges, which should greatly assist all maritime Members of WMO affected by this
dangerous natural phenomenon. The sincere thanks of CMM and of WMO in general are expressed
to all the authors of the two reports for their efforts on behalf of the Organization.

A.
NUMERICAL PREDICTION
OF STORM SURGES
Vladimir E. Ryabinin,
0le9 I. Zilberstein,
W. Seifert

INTRODUCTION

Storm surges represent an ocean reaction to the large-scale impact of atmospheric
pressure and wind. Irregular currents and level variations related to movement of pressure
disturbances over sea-shelf areas may cause floods on flat coasts sometimes leading to
catastrophic consequences.
Surges are wave-like motions with time-scales of the order of days and spatial-scales
from tens to hundreds of kilometers. Unlike such long waves as tides and tsunamis, storm
surges have a local character and are formed in small water areas, including closed ones e.g.
lakes and rivers.
The physical mechanism responsible for storm surge formation is simply wind drag over
Atmospheric pressure
a water surface that causes redistribution of water within a basin.
variation over the sea often leads to additional level changes. e.g. water level rise in low pressure
systems such as cyclones and hurricanes. Level variation generates long waves. The resulting
motion tends to become a complex one because it is the result of external long wave
propagation, of local wind effect, which is particularly important for shallow waters, and of
atmospheric pressure gradient, which is more significant over deep sea regions.
The phenomenon may be simulated using shallow water wave theory and many
publications have been devoted to numerical and analytical modelling (see for example the
reviews of'Lineikin and Ovsienko, 1979; Heaps, 1983; German and Levikov, 1983; Murty,
1984; German and Levikov, 1988).
The problem of storm surge description, prediction and the evaluation of consequences
is very important because surges often lead to loss of life and bring substantial damages to
national economies.
The disastrous impact of storm surges is increased due to wind waves and wind effects.
A recent and unfortunate example is the storm surge event of 1991, caused by a tropical
cyclone on the Myanmar coast. It brought considerable flooding of coastal areas. According to
estimations, 138,000 people lost their lives, the houses of millions of people were destroyed,
and wide areas of agricultural lands were flooded. It should be noted that relevant storm surge
warnings were issued as soon as possible, but it appeared extremely difficult to undertake the
necessary measures to avoid, in a very short time, the terrible loss of lives and devastation.
Hence, it is clear that the problem is not confined to storm surge prediction only, but estimations
of possible flooding zones for the preparation of corresponding actions must be envisaged.
Detailed analysis' of catastrophic storm surge events is given in the review of Heaps
(1983) and in the monograptj of Murty (1984). Greatest heights are observed during storm
surges related to tropical stor~s and typhoons. They are particularly dangerous on the coast of
the Bay of Bengal, on the Atlantic coast of the USA and in the Gulf of Mexico. For example, the
height in the August 1969 surge event caused by the tropical hurricane Camilla was 7.14 m.
However, in other regions even considerably smaller surge heights may be dangerous.
The storm surge of 31 January-1 February 1953 event on the Dutch coast was 3.35 m high, but
1800 people were killed, 50 protecting levels were destroyed. Financial loss was more than
100 million Florins.

-xThe most dangerous region of the globe with respect of storm surges is the Bay of
Bengal. The main reason is that the land near the shore is low-lying. In many places local height
does not exceed 9 m at a distance of up to 160 km from the sea.
A storm surge in the Maldives, on 10-12 April 1987, which was accompanied by wind
waves of 3 m height, flooded dwelling constructions and flushed out 180.000 m 2 of reclaimed
land.
There are examples of considerable storm surges on former USSR sea coasts. Data
about the losses as a rule are lacking. Due to the fact that information on extreme storm surge
events is not widely known, some more or less detailed examples are worth giving.
For the coasts near Taganrog and Temruk in the Azov Sea, storm surges may be 2.5 to
3 m high (Sheremetevskaya, 1977). For example, in the course of the catastrophic event during
the night of 28-29th October 1969 in Temruk, the level was 3 m higher than its normal value.
The surge was observed on a coastal line 150 km wide with the flood spreading up to 8-10 km
inland. Many lives were lost and economic loss was great. The surge was caused by the fast
propagation of a deep cyclone. The simultaneous occurrence of the lowest level in Berdyansk
and the highest one in Temruk indicated the presence of forced oscillations of a standing wave
type.
Nearly the same order of heights is observed during surges in Saint-Petersburg.
In the Beloe, Okhotsk and Barents Seas, tides are well expressed. Storm surges are 2
to 2.5 m high.
For the Black Sea, maximum sea level rises are found near Odessa and may reach
1.5 m.
The south-eastern part of the Laptev Sea is also characterized by considerable
surge-related sea level variation. A catastrophic event was observed during 15-16 September
1958 at the meteorological station Svyatoy Nos, when the sea level was 5.2 m higher than
mean monthly value. Maximum wind speed was 34 m/so A large area of flat terrain was flooded
from Cape Buorhaya to Cape Svyatoy Nos. Polar stations Svyatoy Nos, Buorhaya, Yuedey were
partially destroyed (Mustafin, 1961). The consequences of the event were catastrophic because
of the specific coastline shape (a shallow gulf open to the west), intensification of cyclones that
took place then, and orographical features leading to the enhancement of local wind. Maximum
surges were usually observed for cases of non-stationary increasing wind.
Maximum surges in the Caspian Sea occur at its northern part (Skriptunov, 1967) where
they may reach 4 to 4.5 m. In the north-western part of the Caspian Sea their heights may
exceed 2 m. For example, during 25-27 November 1910, with conditions of an easterly wind
of 20-26 m/s, the height was 2.03 m. In the case of strong and long lasting winds the surge
height on 13 November 1952 near Tuleny Island was 2.4 m, near Bryanskaya Kosa, 2.5 m, near
Caspiysk, 3.6 m. The result of the surge was that all nearshore and estuarian iselands, the lower
part of the river Volga delta, the broad band of the western coast up to 40 km from the shore,
and in some places up to 55 km were flooded. The railway Astrakhan-Kizlyar was destroyed in
some spots. A two meter-high water hump was advanced on the coast at a speed of 5-8 m/so
A huge loss was sustained by the fishing fleet and coastal infrastructure of the fishing industry.
Many fishing vessels and barges were washed onto the bar and lower parts of the Volga Delta.

- xi When the level had lowered to near-normal values they remained grounded and were gradually
covered by sand. In recent years the influence of storm surges on coastal structures has become
stronger because of the steady rise of the level of the Caspian Sea, which has been reported
during the last decade.
There are other examples of catastrophic surge events than those considered in the
above mentioned review.
Commonly used statistical techniques for storm surge prediction are too short-range.
The statistical significance of relations between meteorological factors and extreme surges is
insufficient.
Experimental studies that are carried out on shelf areas and existing methods of data
processing cannot meet the practical requirements of understanding the shelf-level regime.
Multi-year series of observations on vast shelf areas are too difficult to perform. Consequently,
the only possibility to study storm surges is hydrodynamic modelling, which is quickly developing
due to progress in computing facilities and numerical methods. The most important features of
marginal seas and gulf dynamics are related to motions arising as a result of long wave
propagation through open boundaries. That is why the majority of storm surge analyses and
prediction methods, including operational, use so-called two-dimensional hydrodynamic models
based on shallow water theory equations.
Marine shelf oil and gas exploration and production and connected hydro-technical
engineering· and construction works require specific marine meteorological information,
particularly with respect of storm surges and tides. Thus, past events for them are crucial during
the research and design phases of marine production units, as well as during their exploitation
period.
The design and installation of stationary shelf platforms requires information on the
vertical structure of currents. This has led to the development of a considerable number of
three-dimensional models, particularly in the last decade. This research is often requested and
sponsored by oil producing companies.
In the majority of applied problems quite reasonable results may be obtained using 2-D
models. Their advantages are related to relative simplicity and the ability to be implemented on
medium capacity computers or even on PCs or workstations. Their shortcomings are obvious
too: it is impossible to resolve 3-D patterns of sea currents (i.e. to obtain their vertical profile).
Existing storm surge forecasting and warning systems are based on 2-D models. These
models will be considered here in more detail.
2-D models have been developed most intensively in the second-half of the seventies
and first-half of the eighties. Their application to various areas is considered in the review by
Heaps (1983) and in the monograph by Murty (1984). The emphasis in the current review is
more on numerical schemes that are most widely used and have proven to be the most efficient
in practical applications of storm surge forecasting and regime description. The separate bottom
friction parameterization problem is considered for modelling of shallow water areas, where the
range of level variations is comparable with sea depth. Besides that, readers are provided with
an algorithm for complete bottom exposure (drying) in such circumstances. Existing technologies

- xii of surge prediction and their regime studies in terms of extreme .Ievels and currents are also
briefly described.
3-D models have been a common subject of research in the second-half of the eighties.
This approach is considered in connection with shelf water dynamics modelling.
Almost all reviews on storm surges contain some discussion of the tide-surge interaction
problem. Some critical analysis of this important issue is presented in this paper as well.

CHAPTER 1

2D - MODELS

The first numerical solution of the tidal motion problem in a one-dimensional
approximation was obtained by Defant (1919). Free and forced tides in a rectangular basin of
variable width, which is open to the ocean, were determined for the case of a non-rotating Earth.
Bottom and lateral friction were neglected. The approach was later developed in connection with
one-dimensional hydrodynamic models and is often called the "Sternek-Defant method". The
study of Defant was preceded by the fundamental work of Richardson (1 91 0), in which he
attempted to predict atmospheric pressure variations in Central Europe. It is common knowledge
that his famous initiative failed for a number of reasons, including the most important one
connected to the instability of the numerical scheme. Courant, Friedrichs and Levy showed that
in the course of hyperbolic or parabolic differential equation integration it was necessary that
time step and mesh size matched some stability criteria (Roach, 1976). Defant's oceanographic
problem was simpler and he obtained satisfactory results for objects with shapes such as a
"narrow sea". Later he took into account bottom friction and Coriolis forces.
In the forties Hansen (1949,1952) studied tidal motions in real geometry basins using
differential equations with partial derivatives. Linearized equations of motion (analogous to the
Laplace equations but with friction included) were converged to an elliptic second order equation
for level variations for the whole basin contour. An iterative procedure was used. Later this
approached was developed further.
For shallow margin seas and gulfs, the so-called HN-method was developed by Hansen
(1956) using shallow water theory equations. Hansen formulated a mixed boundary value
problem with boundary and initial conditions.
Contemporary numerical methods allow one to solve complete primitive equations of
water motion, to simulate storm surges, tides, total motions, and to take into account river
run-off. This approach has been upgraded and has become very popular because it enables one
to get sufficiently reliable results for the majority of water areas with the use of efficient and
well-understood numerical schemes. Such problems can be treated with reasonable accuracy
using computers of low and medium capabilities.

1 .1

Equations of motion

Within the framework of shallow water theory, two-dimensional equations for integral
transports or vertically averaged currents are used. The hydrostatic approximation is assumed,
which is applicable to inertial-gravity waves such as storm surges and tides; i.e. motions having
their vertical scale much less than the horizontal one. A detailed derivation of the shallow water
equations, starting from three-dimensional Reynolds equations may be found in Kanayama and
Ushijma, 1981.
Let us assume that the origin of the rectangular coordinate system x, y,z lies on a sea
surface at rest with axes x and y directed respectively towards the east and north, and axis
z directed vertically upward.

-2 Integral transport equations are as follows:

U+ (uU) + (vU) t

x

y

(uV) +
V+
t

fV+ gHl; + HP /p
x

x

(vV) + fU+ gHl; + HP /p
y

x

y

y

0

=

F /p -

1/2
kU(U2+~) /H 2+ A flU,

0

=

F /p -

1/2
kV(U2+~) /H2+ A flV,

1

2

0

0

L

~
(1.1 )

;.

L

(1.2)

<

J<

A

A

where U = Hu =-h J Udz,V=HV=_h
vdz are components of the transport vector; u,V stand for
vertically averaged current speeds; F, and F2 denote lateral wind stress components along x and
yaxes; tJ, C correspond to current components at depth z; h means local depth measured from
the unperturbed sea surface z =0; ( is level deviation from this surface position at rest;
H=h+{ stands for total depth; Po is water density; f=2w sintp is the Coriolis parameter;
5
W= 7.29 1a denotes angular velocity of Earth rotation; tp means geographical latitude; k is
bottom friction coefficient; 9 is acceleration of gravity; P,; Py are atmospheric pressure
gradient components; A L denotes horizontal turbulent viscosity coefficient. Lower indices t,x,y
in equations (1.1), (1.2) denote derivatives with respect to time and spatial coordinates.
The right hand sides of equations (1.1), (1.2) contain terms parameterizing Reynolds
turbulent stress components. Bottom friction is described by a quadratic law, which was
originally proposed by Taylor and is widely used in hydrodynamic modelling. Sensitivity of this
approach has been confirmed in Kabbay and Le Provost, 1980. Wind stress at the surface is
also described by quadratic law. The question whether horizontal viscosity should be included
in equations (1.1), (1.2) is still unclear. Such terms with a priori overestimated values of A L are
often used for the elimination of numerical instabilities. According to the estimates of Ramming
and Kowalik, 1980, horizontal turbulent exchange is significant only in a narrow lateral coastal
boundary layer. There are some investigations in which different A L values as well as bottom .
friction coefficients are used for tuning the results of hydrodynamic simulations.
To evaluate the relative roles of various forces responsible for the formation of long
wave motions in a basin let us write the equations in a non-dimensional way. The substitution
of variables: 'U=iivaf/, V=vvaf/,
x=xL, y=yL, t=Tf' is to be used where {o and
V o are characteristic scales of level and averaged velocity variations, L is horizontal scale.
Sign - denotes non-dimensional variables. We also assume that H=h+{=h.

{=«'"

Supposing that motion is generated by a tidal wave only, one can re-write equation (1 .1 )
without lateral stress and atmospheric pressure gradient force terms:
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Dividing all terms of (1.3) by the multiplier in the first left hand side term we obtain:
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Here the parameter Ro = volLf characterises the relative role of advective accelerations,
8 = g(o/fLf) is the same parameter but for horizontal level gradient, £ = kvo/fHf) and
y=A/fL 2f) are the same parameters for bottom friction and horizontal turbulence.
Let us evaluate the relative roles of various terms of equation (1.5) for the cases of
shallow estuary and marginal shelf sea. For the estuary case one may assume the following
values: HfTlMn =3 m, f= 1.4x1O--Ss· ' , (0=0.6 m, L=6x1crm. Therefore 8=0.7, y=0.0019.
For Vo = 0.4 m/s one gets Ro = 0.05, £ = 1.9, while for Vo = 1.0 m/s one will obtain Ro = O. 12,
£=4.0.
For a marginal sea the following characteristic values may be taken: Hmean =40 m,
f= 1.4x1O--Ss·', (0=0.8 m, L =4x1OSm. Then 8=5.6, y=41a 5 • For vo=O.4 m/s one has
Ro=0.008, £=0.17 and for Vo= 1.0 m/s one has Ro=0.01, £=0.34.
The estimations show that in modelling of storm surges and tides the terms describing
horizontal turbulent exchange are generally small for both cases. The dominant role of bottom
friction is obvious for a shallow water estuary. Note that for a shallow estuary the assumption
that H = h + (= h is rather rough. The role of nonlinear terms may be higher for regions where
vertically averaged currents are stronger than values assumed in the analysis and for cases of
total motion containing tide and surge caused by wind stress. Another shortcoming of such
estimations is that they do not take into consideration temporal variation of the balance of forces
for example with tidal phase changes. During the tidal period case, some situations are possible
when level gradient is weak but currents are strong, and therefore nonlinear terms are important.

1 .2

Finite-difference schemes

Let Lx, Ly denote maximal sizes of a domain along axes x and y.
introduced with its boundaries coinciding with some grid nodes ft::.x = 6.y):
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Let us also introduce grids Qu, Qv, Oh. The grid Qu nodes are shifted relatively to grid
Q nodes by a half of the mesh size along the y axis. Accordingly, grid Qv nodes are obtained
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from Q nodes by a half mesh size shift in the direction of x. Correspondingly, grid Oh nodes
may be obtained by a double shift of Q nodes by a half mesh to x and to y. The orientation of
the nodes is shown in Fig. 1.1 a. The grid Oh nodes are marked by points, signs" +" and "x"
denote Qv and Qu nodes, respectively. For this orientation, depth h values (taken, for example,
from admiralty charts) and level
values refer to the grid Oh nodes. Integral transport
component U or vertically averaged u component values refer to the Qu grid. Vand v functions
refer to the Qv grid.

r

In addition, values of U and Vare taken for time points that are shifted by a half time
step with respect of those for the
function (see Fig. 1.2). This grid organization, known as
a Richardson grid, is optimal for calculations of inertial-gravity waves, i.e. motions to which tides
and storm surges belong. According to the Arakawa classification (see Mesinger and Arakawa,
1976), such a spatial pattern is called a C-grid. It has the best dispersive properties and allows
for calculations with minimal computer time and space requirements. A detailed analysis of
various grid configurations may be found, for example, in Mesinger and Arakawa, 1976 and in
Wajsowicz, 1986.

r

Important properties of a numerical model are connected with its wave number and
spatial grid resolution (Wajsowicz, 1986). Grid resolution may be understood as a value
'g=AS/(2R,J where AS is mesh size, RR=C/f is the Rossby radius of deformation, c=..[gR
denotes phase speed of long gravity waves. Wave number resolution may be characterized by
a value 'w=2AS/L where L is wave length.
A spatial grid resolution is good if '~ sO.1. If·
distorted.

,§ > 1,

results are usually strongly

Wave number resolution represents a less important restriction in numerical modelling.
Waves with length less than double mesh size are resolved badly (Mesinger and Arakawa, 1976).
Let us determine the spatial grid and wave number resolution for shallow estuary and
marginal shelf sea models with mesh sizes equal to 1 and 6 nautical miles, respectively. For
critical depth value in the estuary taken equal to 1 m, Rossby radius R~2 == 50000 m and
'g==O.037. For the same critical depth value in a marginal sea, 'g=0.22. Thus, ,;<0.1 in
both cases.

To derive a numerical scheme for equations (1.1 ),(1.2) it is necessary to substitute
all the derivatives by their finite-difference analogues. An explicit solution for U, V,
at grid
nodes is obtained by solving an algebraic set of finite-difference equations.

r

When nonlinear advective and horizontal diffusion terms are neglected, the
finite-difference approximation of equation set (1.1), (1.2) is obtained based on an explicit
two-level scheme called "cross" (Kalitkin, 1978). It is done on the staggered grid (see Fig. 1.2)
with values U (or V) shifted by half time step and half mesh size with respect of The scheme
looks as follows:
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are mesh sizes. The scheme contains two time levels. Indices

n + 3, n + 2, n + 1, and n appear because calculated values of ( are shifted in time relatively

U...,

to U, v. B
is a parameter scaled as depth. It is used because for cases h + (-+0 the role
of bottom friction is increased without limit. Therefore the following restriction is applied:
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where D is externally specified.
This scheme is a version of the HN-method proposed by Hansen. In 1975 Flather and
Heaps derived an analogous finite-difference scheme but for equations of motion written for
vertically averaged velocities. 0 was taken equal to 1 m. Voltzinger and Pyaskovsky (1977) took
0=0.5 m. In what follows, other ways of bottom friction parameterization and prescription of
values of 0 will be considered. The finite-difference schemes similar to the one given above
are widely used in calculations and predictions of surges and tides.
Stability and convergence are important features of a numerical scheme. A scheme
converges if, for its mesh size and time step approaching zero, the corresponding numerical
solution tends to coincide with the solution of the original differential equation. Stability means
that errors in the numerical solution are limited, which formally represents a necessary and
sufficient condition for convergence.

-6 The theory of stability and convergence is sufficiently well developed for linear equations
only. But the methods of investigation of the properties of numerical schemes are widely and
successfully used for nonlinear systems as well. These problems are the subject of well known
monographs such as Richtmayer and Morton, 1967; Roach, 1976; Mesinger and Arakawa,
1976; Kalitkin, 1978, Voltzingerand Pyaskovsky, 1977; Peiret and Taylor, 1983.
The stability and convergence of the finite-difference scheme (1.6)-( 1.10) was studied
by Safronov (1987). He showed that the finite-difference equations are of second order accuracy
with respect to time and spatial variables. The Coriolis acceleration components 'Vii' 'V;j are
derived according to expressions (1.10), in which current velocity values are taken from two time
levels. It allows one to ensure second order of accuracy with respect to the time variable.

Accounting for nonlinear advective accelerations is crucial for regions with abrupt
bottom changes, for cases of surge or tidal wave propagation towards a shallow coast or into
river estuaries. Nonlinear terms appear to be very important in simulations of dispersion of
various pollutants. And, finally, they are very important in modelling residual circulation and
surge-tide interaction. The main concern in these applications is to ensure that the numerical
scheme is stable, which depends strongly on the method of approximation for the nonlinear
terms.
Some schemes, which are widely used in oceanographic applications, are based on
central difference approximations of the Lax type (Roach, 1976). To avoid numerical
instabilities, smoothing procedures and/or numerical viscosity introduction are used in such
schemes. In other approaches based on the" angled derivative" method of Roberts-Weiss (Roach,
1976), an approximation is used that belongs to the alternating directions type. First application
of such a scheme to tide predictions is apparently the work of Flather and Heaps, 1975. Later
Crean (1978) and other authors used this scheme for simulations of various water areas.
However, some current speed smoothing was also employed in their schemes.
Completely conservative schemes of Arakawa and Lamb (1981) that are widely used
in meteorology ensure conservation of energy, vorticity, potential enstrophy. A simpler scheme
of Sadourni (1975), being also able to conserve potential enstrophy, ensures constant value of
the average wave number, which enables one to escape non-physical transfer of energy to short
wave lengths. It requires two times less computing time than does the Arakawa scheme (Kim,
1984).
Note that exact conservation of energy is not absolutely necessary in practical
predictions of storm surges and tides because a quasistationary equilibrium generally exists
between energy inflow across the open boundary and its dissipation inside the basin.

Consider V-box and V-box on the grid for V-node and V-node (see Fig. 1.1 a). The
transport equation for the V-component takes the form:
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To derive the finite - difference approximation a control volume method is used (Roach,
1976). The second term in equation (1.12) may be interpreted as the difference in "V"
transports across the left and right sides of the box with the velocity u = V/H, which is normal
to these sides. So,

(1.13)

Similarly,

u)
H

~(~
ay

~

1
(1.14)

li.y

Expressions (1.13),( 1.14} represent advective fluxes of "Vn across V-box sides
normalised by ill< and D..y. They are finite-difference analogues of the momentum conservation
law for this box.
Differential operations in (1.13) and (1.14) are substituted by differences of values
VV/H on right and left SIdes of the V-box and that of UV/H on its upper and lower sides.

A scheme by Flather and Heaps (1975) is frequently used. It will be written in terms
of integral transports, which can be obtained from the equations of motion, unlike the original
scheme which is written in terms of vertically averaged current speeds.
Speed components on box sides are determined as the average for two neighbouring
nodes:
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(1.15)

-8 Integral transport components on box sides are interpolated spatially in a similar way.
Centrally averaged values with respect to a time level are used that fit to the middle of a time
step:
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The following finite difterence approximation of equations (1.13), (1.14) arises:
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The finite difference equation for the V-component of integral transport is obtained
similarly. For a given time level, the calculation marches with i-index increasing (from left to
right) and V-component of integral transport is determined first. The V-component is processed
afterwards. For the next time step the direction of calculation is reversed (from right to left), and
the V-component is determined before the V-component.
This finite-difference scheme differs slightly from that of Flather and Heaps, because the
equations of motion are written in the form of integral transport instead of current speed
components and a conservative (divergent) form of the advective terms is used in the differential
equations of motion. For example in the scheme of Flather and Heaps it is allowed that

HUI r = HUI 1 =

0.25 (un

1+1j

+ 2u n

Ij

+ un

I-1j

)•

In the schemes based on the angled derivative method, central differences with respect
to time and spatial coordinates are used, thus ensuring second order accuracy.

Let us now derive a finite difference analogue of equations (1.13), (1.14) using a
"second upstream finite difference scheme", according to the classification of Roach (1976).
Values V~ V" Vt' Vb in expressions (1.13) and (1.14) are calculated according to the
sign of the velocity component on the sides of the box. If current is directed to the positive side
of the x-axis, the sign of the expression is not changed, otherwise it is taken with reverse sign.
Such an approximation was first suggested by Gentry, Martin and Daly (1966). In our case,
velocities on the box-sides are determined using equation (1 .15). However, values of the integral
transport components are obtained via the following relations:
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Then the finite - difference analog of equation (1.13) takes the form:
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Using the same rules for the derivation of integral transport components on upper and lower
sides of the V-box, we arrive at the finite-difference version of equation (1.14):
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The finite-difference approximation for the V-box may be obtained similarly.
The scheme has two important features; viz. it conserves energy and transports property
(Roach, 1976). It has first order accuracy with respect to space and time variables. If V-values
on box-sides are determined as means over two neighbouring nodes, thus neglecting direction
of the current, then an analogue of the finite-difference scheme (1 .12)-( 1.17) arises but with first
order accuracy with respect to time. However, in this case a property of transportivity is lost
and a perturbation is allowed to propagate upstream, which has no physical sense and may lead
to instabilities and growth of errors.

With the intention to upgrade the order of approximation and to keep all useful
properties of the scheme with upstream differences, a new hybrid scheme was developed
(Semenov, 1984) and applied to storm surge and tide prediction (Safronov, Semenov, Zilberstein,
1986; Zilberstein, Safronov, Semenov, 1990).
First examples of the application of such a scheme may be found in gas dynamics
problems. They were suggested in the 60-s (Fedorenko, 1962; Goldin, Kalitkin, Shishova,
1965, Kolgan, 1972) and since that time have been called "hybrid" (Harten., Zwas, 1972; Leer,
1973). In oceanography such schemes have not apparently been used yet.
A scheme may be called hybrid if it changes its order of accuracy depending on the
properties of the solution so far obtained. In particular it allows one to ensure the second order
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of approximation in areas of monotonic solution and to carry out calculations with first order
accuracy in areas with strong gradients where some smoothing is desirable. Thus the property
of being hybrid allows one to combine favourable properties of first order accuracy schemes such
as monotonicity and lack of oscillations, and of second order schemes such as higher accuracy
in regions with smooth solutions.
Let us consider the general form of advective terms (uB)x' (vB)y, where B = {U or V}.
Then for the (uB)x approximation, one has the expression
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In formula (1.22), pU is selected independently for each B. Thus, in areas of abrupt
changes, advective terms are approximated by the upstream scheme with first order accuracy.
For areas of ~mooth solution the second order scheme is applied. The first condition (Umj< Um + 11
in the expression means that in neighbouring grid points there is a divergence of water particles.
The other inequality means that relative changes of B {i.e. U or V} are small. Note that this
approximation retains the divergent form of the equations, thus ensuring the conservation of
property for cases of switching from one scheme to another.
(VB)y terms are approximated similarly and independently, each with its own hybrid
coefficient pV.

To estimate the order of approximation of finite-difference equations, their first
differential approximation is widely used (Shokin, Yanenko, 1987). Safronov (1987) showed
that without advective terms, finite-difference equations (1.7H 1.12) are of second order
accuracy with respect to spatial and time variables.
The order of approximation of equations (1.7)-(1.15), (1.22), in the case where the
hybrid method is used for the advective accelerations terms, is estimated in Safronov, Semenov
and Zilberstein, 1986. If current speed gradients or depth variations are big enough, thus
selecting the choice that p = sign (u,v), the main terms in first differential approximation of the
finite-difference equations (1.7-1.15), (1.22) look as follows
2
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(1.23)

- 11 and the scheme is of first order accuracy with respect to spatial and time variables.
This conclusion is evidently also applicable to the system of equations (1.7-1.15),
(1.18), (1.19).
For flows in which the gradients of current speed are not big and therefore
+ cx!' the scheme has second order approximation with respect to spatial
variables and first order with respect to time, because in the first differential approximation to
finite-difference equations (1.7)-(1.15) and (1.22) there are the following main terms:

p = sign(u, v)(1 Cu I + Icvl
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+

2

2

0 ( t. t , t.x , t.y ),

(1.23)a
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We carried out numerical experiments on the performance of the hybrid scheme. A tidal
wave propagation in a more or less shallow water area (average depth 45 m) was considered.
The grid nodes were marked according to the choice of the scheme version at a given time step.
At initial stages of the run, calculations were basically performed using the first order accuracy
scheme at the majority of the grid nodes. As the solution approached a quasi-stationary state
the number of nodes, for which the calculations were done using the second order accuracy
scheme, increased considerably. However, in the vicinity of grid boundaries the calculations
were mainly done by the upstream scheme.

A finite-difference scheme is numerically stable if the phase speed of a long gravity
wave does not exceed the speed of information propagation on a grid. This means that in one
time step interval T a gravity wave cannot cross a distance greater than one mesh size.
Quasilinear finite difference scheme (1 .7)-( 1.11) stability was investigated by Safronov
(1986) using methods of Neuman and Hirt. He showed that for the equations without nonlinear
advective terms and rotation effects (f=O), the Courant-Friedrichs-Levy condition must be
satisfied (Roach, 1976). For the two-dimensional case it is

"'C ~

t.S/v2gH

(1.24)

where l:!..S = l:!..x = l:!..y. When rotation is taken into account another relation appears

(1.25)

- 12 where R=k(U2+ V 2)*/H2 or R=k(u 2 + v 2 )*/H. R sometimes is called "frictional frequency"
(Backhaus, 1983). It is evident that friction plays a stabilizing role for calculations of rotating
liquid flows.
Accounting for advective accelerations poses additional limitations on stability
conditions. For the scheme discusse"d here, the stability analysis was performed by Semenov
(Zilberstein, Safronov, Semenov, 1990). The condition obtained looks as follows:
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Initial and boundary conditions

To solve the system of finite-difference equations, initial and boundary conditions must
be specified.

At the instant t=O a state of rest is assumed:

U(x,Y,O)

=

V(x,y,O) - O.

(1.27)

For the deviation of level (, a condition looking like (1.27) may also be specified, but
for some cases, particularly for small closed water areas, it is useful to take into account some
background level variations, for which observational data are necessary.
The initial condition such as (1.27) is well posed only in the case that after instant

t= to+ T, the solution of the nonlinear set of shallow water equations does not depend on initial
conditions; here T is an adjustment period. This statement is proved in Kagan (1970).

At a solid boundary (on a coastline and around ice islands) the component of the integral
transport which is normal to the coast is set to zero; i.e. a condition of no flow across the
boundary is assumed:

(1.28)

At a liquid boundary, a temporal variation of level is specified

cl G2 =

pet,S),

(1.29)

"

- 13 where it is outer normal to the contour G1, F(t,s) is a given function of time and contour G2
points coordinates s. Advective accelerations at the points belonging to the open boundary are
not calculated. Function F(t,s) may be represented as the sum of tidal s.,lts) and surge sits)
components:

= <: T (t,s) + <: 5 (t,s),

F(t,s)

(1.30)

while the tidal component may in turn be represented by a sum of harmonic constants:
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(1.31 )

where A/s) and g/s) are respectively amplitude and phase of the i-th constituent of the tide
at each point of the liquid part of the boundary, lIIo;ft) and R/t) are initial phase and reductional
multiplier that are determined by astronomic data, Vi is angular velocity of the i-th constituent.
Usually harmonic constants are derived from observational data series with desirable duration
of at least one month.
Data on Ss are usually not available and determination of the boundary conditions for
surge prediction is one of the most important problems. The best way out would be organization
of a syste~ of gauges for operational observation and transmission of water level data. But this
is too expensive, even for small water areas.
A hydrostatic relation is often used for determination of

Ss

because of these limitations,

namely,

(p a

p ) / (pg)

(1.32)

a

"J

where Ps denotes actual atmospheric pressure and Ps refers to its mean value.
A radiation-like condition is also often used (Davies, Flather, 1977):

(1.33)

In this case Us is set to zero and UT is determined by numerical experiments. Expression
(1.33) is a condition of the Sommerfeld type, which was modified according to oceanographic
applications by Orlanski (1976). It separates a free wave propagating to infinity and transferring
with it the energy generated by wind within the area of concern. This condition is probably the
best for the simulation of free wave propagation in a one-dimensional non-rotating channel.
However, the presence of rotation effects and/or external forcing (for example one caused by
lateral wind stress and bottom friction) makes it unrealistic (Roed and Cooper, 1986).
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Roed and Cooper (1986,1987) considered various types of boundary conditions and
their applicability for a model of water motion under the action of wind in a rectangular basin
with three open boundaries and a solid one. They found that in the majority of cases the least
errors corresponded to the non-reflecting condition, which is specified on characteristics. It may
be obtained within the framework of the general theory of systems of hyperbolic equations.
Using the method of characteristics, Roed and Cooper derived the boundary conditions departing
from the linear shallow water equations. On a liquid boundary, which is parallel to the coast, a
condition was specified that ~ = O.

For the right boundary the following conditions are obtained:
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(1.36)

RV/H,

0

where R is linear friction coefficient, c denotes speed of long gravity wave.
For the left lateral boundary the conditions take the form:
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(1.37

x

+ F2Ip 0 - RV/H.

(1.38)

(1.39)

Shallow water effects

Friction plays an important role in shallow water dynamics and parameterization of the
bottom friction is thus crucial for the modelling of surges and tides in shallow seas. Therefore
it will be considered in detail.
Quadratic parameterization of bottom friction was originally introduced by Taylor (Taylor,
1920). It is still widely used in nonlinear problems arising in shallow water theory. Based on the
perturbation m"ethod, Kabbay and Le Provost found a linearized form of this law for use in

- 15 harmonic analysis and obtained analytical and numerical solutions describing decay of primary
wave and generation of secondary constituents (Kabbay, Le Provost, 1980). The linear part of
bottom friction looks similar to the Dronkers relation (see Dronkers, 1964) and takes into account
the decay of the primary wave only, while the generation of secondary waves may be attributed
to its nonlinear representation.
The range of the coefficient k variations [see equations (1 .1)] is very wide depending
on the roughness and shape of the bottom, and on the depth. A table is given in the monograph
by Marchuk and Kagan, 1983 showing the bottom coefficient that has been estimated by some
authors for different seas and bays of the world's oceans. It is seen that the values vary
strongly even for limited water areas. For example, for the North Sea their range exceeds one
order. Usually values from 0.002 to 0.003 are used. Friction coefficient is related to the Chezy
parameter by the relation
(1.40)

where C is the Chezy coefficient depending on the ground capacities and on the ratio of
characteristic roughness heights to local depth.
Actual value of the friction coefficient is often determined experimentally. In doing so,
hydrologists subdivide a river into several sections, for which transport is estimated, and assume
that for each section the value of the coefficient is constant.
Wallis and Knight (1984) proposed a classification of various bottom friction
parameterizations used in hydraulics. However, it is very difficult to get any universal form of
bottom friction representation for basins with complex geometry.
Most complicate~ motion patterns emerge in the estuarian parts of large rivers. When
the direction of the flow is altering, the vertically averaged speed (or transport) may be slightly
different from zero, while the currents beneath the surface and near bottom may be relatively
strong. The corresponding bottom friction force in the equations of motion in this case is close
to zero, but in fact it is not so. At the same time Dronkers, having examined tidal motions in the
Rotterdam fairway, noted that the characteristic extent of the area where such currents of
opposed directions exist is not very large, and current speeds for the period of tidal phase
alterations are not strong.
Storm surge and tide computations for shallow waters (less than 10 meters depth) are
difficult to perform. Some investigators note that shallow water theory equations for basins with
such depths are not applicable (Zyryanov, Leybo, 1985). However, many studies are known in
which surges and tides in shallow waters are successfully simulated using these equations.
In such circumstances water depth may fall to zero and drying (tidal flat) may occur. For such
cases a special numerical procedure is required.
A particularly difficult case appears when total depth H =h + ( becomes small or tends
to zero. The denominators in the frictional terms in equations (1.1) in this case tend to zero and
bottom friction effect in the numerical solution grows without limit. Thus, there is a need for
some correction in the finite-difference equations (1.6)-(1.11). An "upper bound" is usually
assumed (Flather and Heaps, 1975), i.e. some a priori specified depth, mentioned in section 1.2,
is set.

- 16 Ramming (1978) suggested a special bottom friction parameterization form in which the
corresponding force in the equations of motion is written in the following way:

T

bx

=

k

0

U

(u

2

+

V

2

1/2

)

(H+Hoexp(-pH»
(H + H

(1.41)

)2

1

This form of friction representation differs from the usual one in that the ratio
(H+Hoexp(-pH))/(H+HTJ2 is used in the lateral bottom stress expression instead of the factor
1/H, Ho and HT being parameters scaled as depth and p being the exponential parameter.
Some successful applications of this approach are known (German, Levikov, 1988). In his
papers Ramming described results demonstrating that accuracy of tidal prediction for particularly
small depths (h=() was improved. Ramming set Ho=H T= 1 m and studied the parametric
relation between the "frictional factor" Rf = (H + Hoexp(-pH))/(H + H T)2 and depth for several given
values of the p-parameter. He compared the results with those obtained through the traditional
form of the "friction factor" and by other methods of bottom friction formulation. For depth
equal to and greater than 3 m the values 1/H and (H + Hoexp(-pH)/(H + H T)2 appeared to be very
close. Values for Ho' HT' and p are specified on the basis of comparisons of simulations with
field observations.
The use of a "Ramming-type" formulation in the calculation of tides in Pechorskaya Guba
(the southeastern part of the Barents Sea) led to considerable improvements in the results (see
Fig 1.3). PeGhorskaya Guba is a shallow water body with mean depth of 3 m (its greater portion
has depths from 1 to 2 m). The calculations of mean tidal level without the Ramming
corrections gave for a check point 25-30% error. Attempts to tune the model via modification
of the k coefficient led to considerable growth of phase error. Similarly to expression (1.41) for
the equations of motion written in terms of transport components, the formula for bottom lateral
stress Tbx takes the form:
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Numerical experiments were held with Rf specified as (H+Hoexp(-pH))/((H+HT)2D) and
as (H+Hoexp(-pH))/(H+HTP also. The expression (1.42) appeared to be the most accurate. For
some given values of Ho' HT and p, plots of the function R,fH) were drawn. Fig. 1.4 shows
the plot R,fH) for p varying from 0.5 to 20.0 with H o = 1 m (Fig. 1.4a) and H o= 1.5 m
(Fig. 1.4b), while HT = 1 m. The parameters Ho, p, and Ko were taken varying over the water
body, and a map of bottom topography was used for their determination. The specification of
parameters in expression (1.42) was done using field observations at a set of check points.
Having almost no physical background, this approach appeared to be very advantageous
for flow calculations in shallow waters.
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Drying demands special numerical treatment, which may be performed by the iteration
procedure proposed by Flather and Heaps (1975). The method may require some reformulation
in accordance with the properties of the numerical scheme in use. The algorithm may take the
following form:

then

(1.43)

The numerical grid point for U is considered "dry" and the corresponding flow component is set
equal to zero (UI;t~ 0) if
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where E is a "given" threshold level exceedence usually taken as 5-10 cm. It follows from
expressions (1.43)-(1.45) that in the assessment of whether some U or V points are "dry" or
"wet" not only total depth is taken into consideration in such points and surrounding points, but
level inclination as well.
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CHAPTER 2

STORM SURGE-TIDE INTERACTION

Nonlinear interaction of tidal and surge waves may occur if the sea is shallow (Doodson,
1929, 1956; Proudman, 1955, 1957; Rossiter, 1961; Banks, 1974; Wolf, 1978; Johns, Ali,
1980; Murty, El-Sabh, 1981; Heaps, 1983). It represents not only a purely theoretical
challenge but also has very important practical implications because neglecting tide-surge
interaction may lead t6 considerable errors in hydrodynamic forecasting of sea level height.
The difference between actual sea level (with its seasonal, annual, and interannual
components excluded) and the sum of surge and tidal level components is a commonly accepted
measure of this interaction.
There are several main streams of tide-surge interaction research. They include
statistical (particularly spectral statistical) studies, analytical methods for idealized
(e.g. one-dimensional) problems and numerical methods based on nonlinear hydrodynamic
models.
Analytical studies seem to be the most exact approach. But they are not applicable to
cases with real bottom relief distributions and usually exact solutions cannot be found to
nonlinear primitive equations. Statistical estimations require that time series of sufficient length
be available.
The most widely used approach to the tide-surge interaction research is therefore its
numerical modelling using shallow water theory equations.
In hydrodynamic modelling, the difference between level height calculated via a nonlinear
model and one given by a linear model could be conventionally accepted as a measure of the
interaction. The increment arising due to non-linearity is a consequence of wave-to-wave
interaction that results in the generation of new spectral components with frequencies 2w T,
2w$' w T+ w$' wT-w$' 2(w T+ wsJ .and so on. Here w T stands for tidal wave frequency and Ws
corresponds to surge wave frequency. Such frequency analysis provides only an idealized
representation of the transformation process that happens to the total wave in shallow water.
The generation of additional spectral components corresponds to various non-linearities in the
equations of motion and continuity, to quadratic drag law, and to changes in total depth
H = h +(. The effects of quadratic drag dependence are the lessening of primary oscillation and
the generation of secondary frequencies (Kabbay, Le Provost, 1980). According to the
definition of the interaction given above, it is necessary that damping parameters in the linear
and nonlinear models be the same. It is very difficult to ensure this equality for the actual
complex geometry of a domain, so in numerical modelling the measure of the interaction could
be understood as the difference between total level obtained using the nonlinear model and the
sum of tidal and surge heights both calculated independently using the same model (Doodson,
1956). Let us call it the function of interaction.
The commencement of surge-tide interaction research could be attributed to works of
scientists concerned with the river Thames estuary. Using multiyear series obtained for the
estuary Doodson (Doodson, 1929) and Dines (Dines, 1929) showed that peak occurrence of
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- 19 maximal surge height was observed during rising tide phase. Dines also noted that surges in the
Thames estuary were more frequent during neap tides. Since the 1960s this phenomenon has
been explained as a result of tide-surge interaction. Rossiter (Rossiter, 1961) considered all
notable surge events in the Thames estuary from 1928 to 1938 and showed that surge height
increase during the tide rise phase is statistically significant. Keers (1968) observed that this
effect was more pronounced as the total wave from the open sea proceeded to the inner part
of the estuary.
Dependence of the surge probability on different phases of tide is considered in the
monograph by German and Levikov, 1988.
In all the papers referred to above the increase in surge probability at some phase of the
tide cycle is explained as a result of nonlinear tide-surge interaction. However, the explanation
may not be that simple when the physics of the phenomenon is analyzed in detail.
Tides and surges are usually considered as weakly nonlinear phenomena. Froud
numbers Fr= IVmsxl;VgH rarely exceed 0.2-0.4 even for shallow water. If a secondary
constituent with some phase difference relative to a primary tidal wave is generated by nonlinear
interaction, it must be strong enough to cause high occurrence of surge maxima during rising tide
phase as happens in the Thames estuary. But the analytical solutions examined in Kabbay and
Le Provost, 1980 and German and Levikov, 1988, showed that this secondary motion is
approximately one order less than primary motion (e.g. M 2 and M 4 waves). Free oscillations
of the water body can also influence the water motion provided their frequencies are close to
those of excited waves.
It is worth noting that the results of statistical analysis depend strongly on the method
of separation of total motion into its surge and tidal components. There are not any perfect
filters. Harmonical analysis is a version of a band filter. Therefore when applied to, say,
month-long series of observations it does not ensure good resolution for a number of waves with
nearly one day period (Cartwright, Amin, 1986). Levikov (1987) suggested a method of surge
and tidal component separation based on the assumption that their interaction could be described
as occurring in a system with weak second order non-linearity, but this approach has not been
utilized practically yet.
Doodson (1956) used a one-dimensional nonlinear numerical model for the study of
surge and tide interactions. The main objective of the study was to check the idea that surge
probability increased for rising tides. The numerical experiments did not confirm the significance
of this phenomenon in real conditions. However, these results did not lead to termination of the
research. One of Doodson's conclusions was that tide-surge interaction was not as strong as
had been expected. A surge occurrence distribution that is similar to that obtained for Southend
may be partially explained by reasons that have nothing in common with tide-surge interaction.
There is a different approach to studying surge/tide interaction based on
spectral-statistical analysis of noise; i.e. the residual signal left after the calculation of tide by the
harmonic constants method. It was developed in the paper "Tidal cusps" by Munk, Zetler,
Groves (1965). Rossiter and Lennon (1968) called them "humps".
The method was used in the following way. First of all Munk, Zetler, Groves carried out
a spectral analysis of residual level variation using a several years long time series. Some peaks
were revealed at frequencies close to the main tidal waves (in their case they were semidiurnal).

f
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frequencies close to the M 2 wave, for example, MKS2 , OP2 and some "new" components of
the tidal range of frequencies. They were called 2NS2 , 3M2 S2 , MNK2 S2 and so on by Rossiter
and Lennon. Munk and co-authors attributed the existence of such "cusps" to the interaction
of tides and local long-period noise. In Munk and Cartwright, 1966, some possible causes for
their existence were noted. They were supposed to be: shortcomings of the numerical analysis
procedure, non-linearity of tide gauges, tide modulation mainly by global and to a lesser extent
by local low frequency noise.
Later Cartwright (1968) showed that modulation of the semidiurnal main lunar tide
constituent is explained not only by wave-to-wave interaction, but also by tide interaction with
long period level oscillations.
Rossiter and Lennon (1968) supposed that in the tide gauge series they analyzed the
main source of oscillations leading to "cusp-like" growth of spectral energy density was that the
series suffered from the significant impact of one particular surge case on the statistical
evaluations. It is related the to so-called "Hamburg flooding" of 11-17 February 1962, which
is well known for its disastrous consequences on the Elba river coasts. According to the
hypothesis of Rossiter (Rossiter, 1961) that surge-tide interaction occurred due to two factors
(i.e. due to variations in bottom friction and total wave propagation speed on a shallow water,
because total depth increases in the course of joint tide and surge wave propagation), the
authors supposed that cusps appeared in the spectra because of the earlier development of
maximum tide level during the surge event. Cartwright (1968), Rossiter and Lennon (1968)
showed that cusps existed not only in the semidiurnal range of frequencies but also in the diurnal
and short period ones. Rossiter and Lennon, however, assumed that cusps (or enhancement of
spectral noise near the main tidal components) were due to surge-tide interaction, while Munk
and Cartwright allowed that they might be caused by amplitude modulation of main tidal waves
in the process of their interaction with long period noise.
In the paper of George and Thomas (1976) on storm surges on the southern coast of
England, the main causes of energy maxima of residual level variability at tidal frequencies were
listed. They were attributed to errors in tide forecasting, tide gauge biases, surge-tide
interaction, and to unknown tide modulations. The first cause was thought to be the most
important.
In 1986 Cartwright and Amin published the results of the spectral analysis of 19-year
long series for six locations. Their objectives were to upgrade tide forecasting accuracy and to
estimate harmonic analysis statistical significance for short series. During the calculations they
took into account the influence of spectral noise growth near the main frequencies on the
harmonic analysis results. However, the causes of this growth were not considered.
First analytical models for the study of wave motion in a basin, which is semiclosed or
has two open boundaries, were proposed by Proud man (1957). They were developed within the
framework of the nonlinear shallow water equations for a homogeneous rotating liquid.
Proudman considered cases when surge maximum occurs at different phases of tide evolution
and tried to reveal the cause and sign of nonlinear "correction" due to surge-tide interaction (the
function of interaction). Proudman suggested the following criteria for estuary types. An
estuary is considered "short" if

i
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- 21 where a stands for tidal angular frequency, L is the estuary length, c=vrgh, A =B/2h, B
denotes tide height at the estuary mouth, k is bottom friction coefficient. The Proudman
conclusions are as follows. For a long estuary, in which a progressive tidal wave is propagating,
surge maximum tends to coincide with low water. For a long estuary, in which tidal motions
take the form of standing waves, maximum surge occurs at times of high water. For a short
estuary surge maximum and high water times are generally the same.
Wolf (1978) studied analytically the interaction of two progressive waves in a
one-dimensional channel of constant depth. Friction was taken proportional to the square of
velocity. The effect of a reflected wave was not considered. It was shown that the interaction
function grew as depth decreased, this growth being non-monotonic but oscillating. For this
model, the main cause of surge/tide interaction appeared to be the power 2 friction law, while
nonlinear acceleration terms were of lesser importance. During a rising tide, variations in total
depth h + ( and nonlinear accelerations in the equations of motion lead to an increase in total
level, i.e. the interaction function is positive, while square drag during high tide phase decreases
the net surge height.
German and Lev.ikov (1983) studied the interaction for different phase shift relations
between surge and tide using analytical solutions. Their main conclusion is that maximum total
level cannot exceed the sum of tidal and surge components.
In the 1960s and 1970s research in the field of surge/tide interaction was reinforced by
the extensive use of nonlinear hydrodynamic models. The majority of researchers, Doodson
being the 0!1ly exception, supposed that surge/tide interaction influenced considerably the total
oscillations, at least for shallow waters such as the river Thames estuary. In the above
mentioned paper by Rossiter (1961), the motions for the river Thames estuary were simulated
with the use of a one-dimensional numerical model. Proud man's conclusions were confirmed in
this work, that surge maxima decreased during high water or during ebb and increased during
rising tide and low water phases.
Banks (1974) studied the interaction using a two-dimensional nonlinear numerical model,
in which a model for the southern part of the North Sea was coupled with the river Thames
estuary model.
Nonlinear advection terms in the equations of motion were omitted. The results
reproduced well the catastrophic situation of the "Hamburg flooding" in February 1962.
The interaction function was defined as

I

=

(2.1 )

The terms on the right-hand side of equation (2.1 ) were determined using the following
conditions at the open boundary. For (T' tidal level variations (T) due to the M 2 constituent
were given, for (s they were determined as surge level variations (5) calculated on a coarse grid
using the North Sea shelf linear model, for (sum the sum (5+ T) was set at the open boundary.
The data on observed wind were applied for (s and (8 u m calculations. An example of
surge-tide interaction is shown in Fig. 2.1.
Line 2 corr~sponds to surge obtained as
(s+I=(8 um-(T' i.e. level change is determined as the difference between total level and tide, both
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observations can be seen in Fig. 2. During the period of two days there were three significant
surge maxima. Line 3 obtained without taking into account the interaction with the tide has only
one maximum and resembles the observed surge much worse.
The main conclusion from the mentioned studies was that for the same meteorological
conditions, surge maxima which are close in time to high tides decrease, while maxima
coinciding with rising tide phases generally increase. To explain this behaviour Banks (1974)
refers to the conclusions of Rossiter (1961) that during a surge total depth increases, bottom
friction consequently decreases, leading to an increase of flow velocity and hence to earlier
commencement of high water.
Some examples of nonlinear surge-tide interaction were demonstrated in the following
papers.
Prandle (1978) applied a two dimensional model for surge simulation in the North Sea.
In this model at the open boundary seven tidal harmonics and the surge constituent, which was
determined according to the "inverse barometer" law, were posed as boundary conditions.
Advective terms were ignored. According to the author's conclusion, surge-tide interaction
decreases total level height. The main factor in this respect is the bottom friction effect.
Johns and Ali (1980) simulated storm surges in Bengal Bay using a nonlinear model on
a set of nested grids coupled to a one-dimensional model of the Ganges-Brahmaputra river
system. Be~ides wind, the forcing included the effect of atmospheric pressure gradient and tidal
constituent M 2 • A considerable impact of surge-tide interaction on level variations was revealed
for shallow water regions. It was found that (s+I>($ for low waters and (s+I«s for high
waters.
Murty and EI-Sabh (1981) studied surge-tide interaction in the St. Lawrence estuary and
Suez Canal, which belong to different types of estuaries according to Proudman's classification.
For a number of locations the theory of Proudman was not confirmed.
Prandle and Wolf used an interesting new approach called a "parallel models" method.
They studied surge-tide interaction in the river Thames estuary (Prandle, Wolf, 1978a) and in the
southern part of the North Sea (Prandle, Wolf, 1978b). The essence of the method was as
follows. The simulation was carried out using two models including a tidal model, for which the
semidiurnal tidal harmonic of level variation was specified at the open contour, and a surge
model, for which level variations due to the surge were given at the open boundaries. Nonlinear
advective terms were neglected. Two one-dimensional models of the river Thames estuary
were used, connected by nonlinear terms representing power 2 friction and total depth variation.
In the surge model, level variations represented by a sine function with a period of 25 hours were
specified at the open boundary.
At each time step, level

(T

and velocity

UT

were substituted in the nonlinear terms

(i.e. total depth h+(T+(S variation term and quadratic law friction term kluT+uslusJ of the
surge model, while surge height (s and corresponding velocity Us from the surge model were
substituted, accordingly, to the nonlinear terms of the tidal model.
Thus numerical solutions for
modified due to the interaction.

(S+I

and

(HI

(i.e. tide and surge) were determined, both

.

i

- 23 Prandle and Wolf calculated level evolution using a model of summary motion and
determined the interaction function I according to expression (2.1). The sum of values
Is = (s+r(s and IT= (T+1-(T appeared to be equal to the interaction function I, (s and (T being,
respectively, surge and tidal level values that are calculated with the use of independent models
without interaction. Note that functions IT and Is may have different signs and their modules
may exceed that of function I. Our opinion is that it is difficult to compare these results with
observational data and with the results of other authors. Using total motion, model numerical
experiments were conducted, in which a sum of tidal and surge components was specified at
the open boundary as a sum of two sine-functions with phase shift varying from 0 to 2".
According to the simulation results, maximum total level always occurred during the rising tide
phase, irrespectively -of phase shift between surge and tidal waves at the open boundary. The
authors supposed that this phenomenon was the one that was regularly observed during surge
events in the river Thames estuary. It turned out that the interaction was becoming stronger as
surge duration decreased. When tide is taken into account, surge maxima increase (up to 25 per
cent).
Prandle and Wolf also noted that surge tide interaction existed beyond the river Thames·
estuary, bottom friction playing the dominant role. Total depth variation was significant for
shallow water parts of the estuary only.
German, Lyubitsky, and Aderikha (1984) studied surge-tide interaction using numerical
models. Their research did not reveal any regularity in the surge height maxima for different tidal
phases.
We studied surges and tides in the shelf area of the Southeastern part of the Barents
Sea, which has mean depth of the order of 45 meters. Surges in this region are of the same
order as the tides and may even exceed them. For the model verification and for obtaining
information necessary for specification of boundary conditions, results of a special observational
programme in the shallow water Pechorskaya Guba were used, which provided data for the
analysis of total motion and estimation of surge-tide interaction.
The dynamics of non-tidal motions in the Southeastern part of the Barents Sea is
governed by the atmospheric circulation over the whole sea area, which is characterised in
general by the presence of the Icelandic low. Storm surges in the Barents Sea are the result of
deep cyclones propagating over the sea from the West or South-West to the East or South-East
and having mean diameter of the order of 1800-1900 km. A maximum at frequency 0.33 cycle
per day (T = 72h) was determined statistically (Privalsky, 1970) in the spectrum of irregular level
variations.
The experiments were carried out numerically using a hydrodynamic model. Lack of long
series of observations did not allow us to perform a statistical analysis. The goal was to
reproduce surge-tide interaction and its influence on total level evolution observed during the field
experiment of 1982. The data showed short period (2-5 hours) extrema superimposed on
long period level variations. Such anomalies were particularly well determined in Pechorskaya
Guba, which is a shallow bay with mean depth of three meters.
A nonlinear model of the south-eastern part of the Barents Sea was used. Tidal M 2
wave or surge component hump given as

(s =

A exp{-(T-Mo) 2 /(2~ 2 )}

(2.2)
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were specified at the open boundary. Here surge height A was assumed equal to 100 cm, T
means real time, Mo denotes a half of the surge duration, a=Mo/3. In a subset of the
experiments, wind effect was "turned on". The representation of surge height time variation
was close to the one actually observed.
In what follows surge-tide interaction is discussed on the basis of the calculation results
for two locations, namely Shvedskie Stvory and Varandey. Shvedskie Stvory point is located
in the shallow Pechorskaya Guba bay and Warandey is situated on the boundary between this
bay and the rest of the Southeastern part of the Barents Sea (see Fig. 2.3).
We analyzed temporal variations of total level and its three separate components i.e.
tidal, surge, and residual (interaction function I). The surge component corresponds to a liquid
boundary condition expressed by formula (2.2) with surge characteristic time of two days and
amplitude of 100 cm. Residual level was determined using relation (2.1). The range of residual
level variations near Shvedskie Stvory was much bigger than that for Warandey. Extreme value
of I reached 1= -16 cm. Total level near Shvedskie Stvory has two nearly equal maxima
corresponding to tide high water. After the second maximum (three hours after high water tide)
function I becomes positive and remains so during the whole period of total level fall. Thus
there is a well-determined long period component of residual level, which is the background for
high-frequency oscillations with somewhat lesser amplitude. Maximum value of I is equal to
8 cm near Warandey and the longperiod component is lacking here. For Shvedskie Stvory,
nonlinear interaction of surges and tides decreases the total level during rising tide period and
increases it during the opposite phase.
Let us consider how total level varies relative to rising and decreasing surge phases.
Low total levels during the surge growth phase occur earlier than do low tide waters and when
total level is decreasing its. Iow water standing occurs later than that for tide. High total level
for rising surge occurs earlier than high water tide and vice versa - for decreasing total level,
maxima occur earlier than tidal maxima. This phenomenon is the result of interference of surge
and tidal constituents and has nothing to do with the nonlinear interaction. It is interesting to
note that this fact has not yet been discussed in detail, though it is valuable for observation
analysis and filtration. The nonlinear interaction tends to compensate for this effect. With
respect to these results, it is worth reconsidering some conclusions of Prandle and Wolf (1978a)
on the tide phase shift, as it is connected to nonlinear interaction of tides and surges. They
carried out Fourier analysis of simulated total layer data in the southern part of the North Sea for
a 3-d ay long surge event. On the cotidal maps, they calculated, for the M2 tidal wave, that the
position of the amphidromy changed during the event. Accordingly, phase shift of the tide
changed also. Our results suggest that this phenomenon may be explained and reproduced using
a linear model. To prove it, we performed numerical experiments with the linear model of the
south-eastern part of the Barents Sea for the following open boundary condition

Cs um

= Cs +

(2.3)

where (T refers to tidal level variations (M2 constituent), and (s refers to surge level variations
expressed according to relation (2.1). Fourier components of simulated level time series were
determined in the course of the experiments. The results showed that tide phase and amplitude
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- 25 changed during the surge event and tended to approach their normal values after its end. It
means that the conclusions of Prandle and Wolf strongly depend on the applied mathematical
method. A Fourier transform of 24-hour long series does not allow separation of semidiurnal and
three-day period waves. The function to be determined should be periodic, on the Fourier
transform interval.
In the course of the numerical experiments, the roles of various nonlinear terms were
estimated.
Such evaluations performed by the investigators of surge-tide interaction
demonstrate that the effect of power 2 drag law in the bottom friction representation is generally
more important than that of nonlinear advective terms. Obviously, such conclusions may apply
mainly to shallow w·ater regions. The role of nonlinear terms, as it appears in numerical
experiments, may strongly depend on the chosen finite difference approximation and on grid
mesh size. To overcome numerical instabilities arising in schemes with central finite difference
approximations of advective terms, some smoothing of solutions and/or artificial viscosity effects
are employed that may affect the quality of numerical results.
Levikov showed that for a basin of constant depth exceeding 60 m, the role of advective
accelerations was important (German and Levikov, 1988) in comparison with other nonlinear
terms. It is crucial that for a varying bottom depth the impact of the nonlinear advection terms
on the solution is becoming even stronger.
There is one more method for the determination of the role of nonlinear terms in
surge-tide interaction. A numerical experiment, which is close to that mentioned above, may
be carried out without taking into account the nonlinear advective terms. After that, the values
of calculated function I are extracted from the results obtained in the experiment in which those
terms were kept. The difference called lAD may serve as a measure of the input of nonlinear
advection into surge/tide interaction.
The influence of the advection on the total variation of level for Varandey appeared to
be much stronger than that for Shvedskie Stvory and the difference between a n control n run and
a run without nonlinear terms approached 10 cm. It is explained by the fact that transformation
of the tidal wave in shallow Pechorskaya Guba bay is governed mainly by bottom friction. At
the same time, level variations near Varandey are mainly caused by waves propagating over more
or less deep water. Total function I for Shvedskie Stvory is greater than that for Varandey.
Using the same approach, the I r function may be determined, which characterises the role of
total depth variation in surge-tide interaction. The role of quadratic drag force was estimated in
numerical experiments without taking into account the advective terms and total depth
deviations. Obviously, such a procedure is rather formal. For example, in the shallow water
theory equations of motion, total depth variations are included in the advective terms such as

BjUU(h+OJ.
Comparisons of advective terms and total depth variation roles in nonlinear surge-tide
interaction showed that for Varandey conditions the range of variability of the functions lAD and
Ir exceeded that for the function I. It means that the inputs of various terms in the equation
of motion may cancel each other. Banks (1974), Rossiter (1961), and Wolf (1978) also came
to such a conclusion.
The existence of a long period component of the I-function variability is due to the
square drag parameterization of friction. Total level standing for high water moments does not
exceed the sum of tidal and surge components. It complies with analytical solutions of
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non-rotating basin.
These results do not allow one to derive any regular behaviour of the function I with
respect to tide phases. Banks (1974) noted an important fact that surge level deviations are
transformed so they tend to have two maxima separated by a minimum at astronomic tide high
water. Banks and some other researchers stated that it confirmed the theory of Proudman. In
this respect it is relevant to note that Proud man obtained different results for propagating and
standing waves. For the latter kind of waves, total depth variations tend to increase the surge
amplitude for high water and to slow down its commencement. For propagating waves, surge
amplitude at high water increases and the maximum is formed earlier. Apparently the conditions
for the river Thames estuary are close to those Proudman studied, but the dynamics of the water
body is determined by a mixed (i.e. standing-propagating) wave, which is affected by earth
rotation. Hence, one must be very accurate when using analytical solutions for the interpretation
of numerical simulation results.
Some of our estimations of the nonlinear interaction were made for a basin of a constant
depth, which was taken equal to 45 m, the value characterising average depth of the
south-eastern part of the Barents Sea. Bottom friction in this case plays a less important role
in the variation of the I-function in comparison with other nonlinear terms. I-function variability
range is nearly the same for Shvedskie Stvory and Varandey, nonlinear advective terms being
the most important factor.
A set of similar numerical experiments was conducted for the case when a surge with
36-hour period was specified at the open part of the boundary. No significant deviations in the
I-function variability were revealed.
The wind-driven current component may also interact with the tide. In this respect local
wind effects are important,. which influence water movements in shallow waters. To study this
effect a special set of numerical experiments was carried out. Wind was taken into consideration
in pure surge (sw and total (sum level calculations with open boundary conditions (2.2) and
(2.3). Wind of speed 10 m/s' and north-west direction was assumed blowing over the whole
water body. Duration of the event was taken equal to 36 hours. Two values were compared,
namely (s wand ('s w' The value ('s w was determined as the difference between total level
(sum and tidal component (T (in (T calculation, wind effect was neglected). Therefore the ('S
w component may be called surge modified by its interaction with tide and wind.
Time variations of ('s w for Shvedskie Stvory revealed local extrema, which are
particularly well pronounced for high water phase. The function I tends to decrease total level
for high water and to increase it slightly for low waters. For Varandey, semidiurnal oscillations
were observed in the I-function after the surge event in the case where water dynamics was
determined by tide and wind. Maximal modulus III was equal to 6 cm. These variations were
opposite in phase with tide and could lead to earlier commencement of high water. For
Shvedskie Stvory this effect is not pronounced. The strongest interaction, taking the form of
short period oscillations, was observed for high total level. For Shvedskie Stvory the absolute
I value was 13 cm, for Varandey 10 cm.
Let us turn now to the results of a similar numerical experiment for the case of
north-west wind varying from 0 to 20 m/s as a sine-function of time. Lateral stress components
took the following form
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(1 + sinw t),

(2.4)

s

where T=O,25K,PaW2, W=20 m/s, t means time, ws=2rrlTs' Ts =36 hours. The total level
for hoth locations increased. The decay of the I-function variations went somewhat slower and
= 8 cm, for Shvedskie Stvory
their amplitude did not increase (for Varandey maximum value
maximum value 1/1= 12 cm). Some maxima on the (sw and Csw curves appeared, which were
related to wind, but there were no substantial variations in the nonlinear interaction.
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The next important question is how abrupt wind changes affect total levels and the
nonlinear interaction of surge and tide. To examine this problem, a set of numerical experiments
was conducted. It was assumed that periodic oscillations of wind with amplitude 7 m/s were
superimposed on longperiod (36 hours) variations of northwest wind. To this end one more
harmonic was added to expression (2.4) and wind stress components took the form
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corresponded to relation (2.4) and high frequency harmonics Fs x' Fs
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5

(2.6)

where .'- 0,25 l\P.<W· )2, W' -7 111/5, 1oI~ - 2lr1T~, 'l'~ - 3,5 hours. The numerical experiment showed that
consideration of short period wind variations led to the birth of new extrema on the level
variation curve and to enhancement of pre-existing ones. There was some input of the variations
to the nonlinear interaction function I. For the latter experiments, absolute maximum value III
constituted 10 cm for Varandey and 16 cm for Shvedskie Stvory. Peaks on the Csw curve had
a tendency to be sharper. This is seen in Fig. 2.2, showing total level components for Shvedskie
Stvory.
Such data permits one to state that local extrema on the level variation curve revealed
during the field experiment in Pechorskaya Guba bay are to a considerable extent the result of
variable wind (particularly, of its short period oscillations) and of the nonlinear interaction of tide,
surge and wind-driven currents.
Representation of total level as a sum of individual components such as tide, surge and
their interaction function is obviously a formal operation. The I-function is not a physical value
and serves only to evaluate the influence of the nonlinearity on total motion. In the I-function
variations for Varandey, we observed the periodic semidiurnal constituent caused by nonlinear
interaction of tide and wind (including its constant part), which led to some decrease of level for
high waters and to increase for low waters. In that case it was not large. However, for some
favourable morphological conditions this constituent may be considerable, thus leading to
statistically significant surge peaks for rising tide phase as, for example, happens for the river
Thames estuary.
More well-established effects of nonlinear surge-tide interaction are
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nonstationary short period disturbances of the I-function, and the higher the total level the larger
are these disturbances. If wind effect is taken into account, the values of the I-function may be
considerable even after the surge event. These disturbances of I-function correspond to
deviations in the current field that are analogous to nonstationary eddy-like currents revealed by
Imasato (1983, 1987).

. I,
i

In the majority of studies of residual tidal circulation, Eulerian residual currents were
supposed to be independent of time or having time scales much larger than the tidal scale. In
1983 Imasato published the results of numerical experiments made with a two-dimensional
nonlinear model of a constant depth basin (h = 30 m) that consisted of two water areas
connected by a narrow· strait. On the open boundary, M 2 tidal wave level variations were
specified. Imasato found that during rising tide phase some nonstationary eddies were being
generated in the inner part of the basin. These eddies formed behind capes and were connected
to areas of low pressure appearing due to a rotational component of tidal flow that entered the
inner basin through the narrow strait. For a given tidal phase there is an equilibrium of forces
between pressure gradient, inertial force, and Coriolis force in such a non-stationary eddy.
The life span of such eddies depends on viscosity and corresponding dissipation rate.
For a basin with strong bottom friction it takes a short time for them to decay (nearly one-two
hours). For the most appropriate value of bottom friction coefficient, which may be taken as
2.6xtcr, their life span is of the order of 3-4 hours.
Imasato considered also the balance of forces during the generation and dissipation of
the eddies. Closed isobaric contours were observed in their generation zones. The eddies were
born during rising tide phase and disappeared afterwards. Sometimes they were carried to the
outer basin by the ebb current and decayed there.
The conclusion may follow from this result that Eulerian residual currents are a
mathematical abstraction o~ly and that they have almost nothing in common with real nature.
The nonstationary eddies are the result of strong nonlinearity of the process, which is
related to the dynamic balance of pressure gradient and advective terms.
Imasato suggested that Euler number E equal to the ratio of advective accelerations to
those of pressure gradient could act as a measure of the nonlinearity. He proposed the following
grades for E. If E<0.05, the flow is weakly nonlinear; if 0.05SE<0.1, it is nonlinear; if
0.1 sE<0.25, it is strongly nonlinear; and if E~0.25, it is very strongly nonlinear. If E~O.t
or even E~0.05, the weak nonlinearity approximation cannot be used.
For natural basins Imasato offered another measure of the nonlinearity, which was equal
to the ratio of kinetic energy of high frequency spectral components to that of diurnal and
semidiurnal constituents. This parameter is suitable for the analysis of observational data and
may be obtained with the use of the harmonic constants method.
It is clear that nonstationary eddies may also be generated not only by abrupt variations
of coastal line but also by bottom relief changes. This problem was not considered in the studies
of Imasato.
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- 29 We calculated the Imasato nonlinearity criterion for the southeastern part of the Barents
Sea. M 2 tide level variations were specified at the open boundary. For the determination of
E number, a finite difference approximation of the formula

8

= 1"ti('i7)"tiL=
g I W;' I

(2.7)

was used.
The results are shown in Fig. 2.3. Over the whole water area excluding bays the current
field is weakly nonlinear. For boxes shaded as box 1 (0.05SE< 0.1), currents may also be
considered as weakly nonlinear because of considerable bottom friction in bays. It means that
the irrotational part of the flow does not generate any strong nonstationary currents in areas
indicated by such type of shading.
In the case considered, the total wave interacts with bottom relief and coastline features
in the presence of wind varying over the basin. Therefore perturbations in the current field are
relatively more pronounced than in the level field. This is particularly true for zones where the
currents are strongly nonlinear (see Fig. 2.3).
Let us consider the degree of nonlinearity of flow for two locations of the basin using
the results of the previous numerical experiment. Their location is indicated in the figure. The
point A is situated in Cheshskaya Guba bay and point B is at the entrance of Pechorskaya Guba
bay.
Similarly to the interaction function I, a function is introduced which may be called a
nonlinear interaction vector

I = StDlI - T - 5w

(2.8)

7:

where :::::
Sw denote the vectors of total, tidal, and surge currents. T and Sw were
calculated with periodic wind given by relations (2.5) and (2.6). Fig. 2.4 shows hourly vector
~
-to
I values for the both points. For point A the oscillations of the vector I length and direction
exist for rising tide and maximum surge phases only. The corresponding variations are less
pronounced for ebb and periods after the time when surge wave has passed. It indicates that
residual current is quasistationary. For the point B located in Pechorskaya Guba bay the vector
~
I permanently changes its length and direction.
~

In our experim~nts the maximal absolute value III approached 20% of the sum of
modules of vectors Iwm, jTj, and
Note that maximum value of the interaction function
I (for level) was only 10% of total level maximum. It is seen in Fig. 2.4 that there are some
locations (boxes of the grid) with Eulerian number (the nonlinearity criterion) exceeding that for
the point just considered. In principle, cases are possible for which vector
length may
considerably exceed the length of total current vector (see Fig. 2.5).
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A similar analysis has been carried out for the open part of the basin. The current field
remains there weakly nonlinear and corresponding amplitudes of the vector I appear to be much
less.
Thus, one may state that short period wind fluctuations lead to local anomalies in total
level variation curve and that the amplitude of such anomalies may be enhanced due to the
nonlinear interaction of tide and surge. Such amomalies were observed in 1982 during the field
experiment held in Pechorskaya Guba bay, which is situated in the south-eastern part of the
Barents Sea.
Nonlinear surge/tide interaction may cause nonstationary current fluctuations that lead
to local extrema on the level curve. The generation of a quasistationary Eulerian residual current
is also possible.
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CHAPTER 3

SIMULATION OF VERTICAL CURRENT STRUCTURE IN STORM SURGE MODELS

Exploitation of oil and gas fields on a marine shelf requires a quantitatively new level of
knowledge of the vertical profile of tidal and storm surge currents. Current speed and direction
determine the strain the construction should bear and the fact that the direction of currents
changes with time creates additional problems. There are many ways in which circulation
affects the period of construction, exploitation and the expected risk of failure. Bottom currents
are the agent for sediment transport, so information on them is necessary for the design of
underwater pipelines and for estimates of bottom deformation rates near the base of shelf
structures.
Three-dimensional models could act as a key to the solution of some important problems
including determination of heat, salt, various pollutant transports, which are crucial, for example,
for ecology. There are some expectations that 3-D models of storm surges and tides lead to
more accurate determination of currents near the bottom and are therefore able to reproduce
with greater accuracy bottom friction effects. The skill of storm surge and tide height
predictions in this case may be improved.
Three-dimensional shelf current modelling encounters a number of problems.

They

include:
(a) Problems of model numerical implementation;
(b) Turbulence modelling procedures needed for the closure of the equation set;
(c) Boundary condition specification;
(d) Accounting for stratification.
The three last problems are strongly interrelated because in addition to traditional
problems of setting boundary conditions for shallow water models, major difficulties exist in the
specification of vertical boundary conditions for turbulence modelling necessary for the
evaluation of vertical turbulent exchange coefficients. The inclusion of stratification effects,
which are important for turbulence formation, greatly increases the time required to perform
calculations with 3-D models.
A thorough analysis of 3-D models in terms of the description of various scale
processes, parameterizations in use, validity of some empirical constants and turbulence models
is given in a paper by Nihoul and Djenidi, 1987.
Two major approaches exist for the calculations of vertical current structure. They are
connected to fully 3-D and so called 2.5-D models.
An ideal model for storm surge and tidal prediction must be baroclinic and
three-dimensional. In other words it should take into consideration turbulent exchange processes
in vertical and horizontal directions and the layer structure of sea water. It is worth noting that

- 32resolution of internal waves, which are generated by tidal and surge motions as they interact
with bottom features, poses some limitations on grid spatial mesh size in such models.
3-D models normally require much bigger computer resources than do 2-D models,
particularly if they include the effects of stratification. For example early models of Caponi
(Caponi, 1976) and Leendertse and Liu (Leendertse and Liu, 1977) were implemented on
computers of medium capacity. They had rather coarse spatial resolution, which did not permit
them to resolve explicitly the baroclinic mode of motion. In the end they required the use of
unrealistically large horizontal exchange coefficients.
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Formulation of 3-D models

3.1

The equations of a 3-D model in Cartesian coordinates and in an f-plane approximation
read:
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The origin of the coordinate system coincides with the unperturbed surface of the water
basin, the z-axis is directed vertically upward, y-axis is directed to the north, and x-axis is
directed to the east. The following notations are used: f is the Coriolis parameter, p denotes
pressure, p is density and Po is reference density, 9 denotes acceleration ·of gravity, u, v,
w refer to current speed components along the axes x, y, z, respectively, k", k v stand for
coefficients of horizontal and vertical turbulent viscosity.
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- 33 The set of equations (3.1 )-(3.7) is written according to the Boussinesq (deviations of
density are accounted for in terms related to gravity) and quasistatic approximations. The
Boussinesq approximation filters out sonic waves but very slightly affects other motions. The
quasistatic relation is valid for the types of motion which have their horizontal scale much larger
than the vertical one.
The following boundary conditions are specified for the equation set (3.1 )-(3.7).
At the sea surface z
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(3.13)

Here T~$, T; are lateral wind stress components at the sea surface, h means sea depth.
Derivation of condition (3.1 2) comes through the use of near-wall turbulence relations.
are vertical Reynolds stress components, Zo is roughness height, and u. is bottom friction
velocity, K stands for Karman constant. Relation (3.12) was used by Dey, Melior and
Hires 1985. However, it is not the only possible relation which might be used for the
specification of the velocity near the bottom. Sliding conditions are sometimes used as well.

uw, vw

At solid parts of the lateral boundary, r components u and v are set equal to zero.
If horizontal friction is not considered, there is an opportunity to pose on the boundary the
condition of absence of vertically integrated transport such as

C
Ju dz

-h n

= 0,

- 34where n is current speed component normal to the coast.
The liquid part of lateral boundary is a line where level (r-=f(x,y,t), temperature and
salinity are specified. Actual current components at the open boundary are generally not known
and in order to avoid incompatibility with the mathematical formulation of the problem, the terms
referring to horizontal viscosity and nonlinearity at grid points in the vicinity of the open boundary
are omitted.
Values ((x, y, t), u(x, y, t), v(x, y, t), S(x, y, t), T(x, y, t) are specified as initial conditions.

3.2

Numerical implementation of 3-D models

The most important difference between 3-D models of storm surges and general
circulation models is that the latter use the rigid lid condition, which filters out surface gravity
waves including storm surges and tides.
The first comparison of calculation results obtained using the two types of models was
apparently done in the work by Sheng, et al., 1978. The three-dimensional pattern of Lake Erie
circulation was considered in that paper, which responded to constant and to variable (in space
and time) wind. A big difference was revealed for rather short periods of simulation because
seiches were lacking in results obtained with the rigid lid version of the model. Long period
time-averaged circulations obtained via these two models corresponded to each other for cases
of strong winds only, while for periods of weak winds the differences were considerable. The
separation of the motion into its barotropic and baroclinic modes was used in that study.
Mode separation appeared to be a very efficient and therefore frequently used procedure
in 3-D models. For example it was used in the papers by Oey, Melior and Hires, 1985; Blumberg,
Herring, 1987; James, 1989; Swanson et ai, 1989. The idea is to extract the barotropic
(external) mode out of the motion reproduced by the model in general. Courant limitations allow
one to use only a small time step for this mode. In fact, calculations for it are done using
shallow water equations with right hand sides obtained by employing solutions for the internal
(baroclinic) mode. The baroclinic mode is computed with much bigger time steps because
Courant limitations are not so strict for slowly propagating internal gravity waves. However,
such separation into modes leading to savings of computing time is possible only if the
assumption is made that barotropic and baroclinic modes do not interact during the cycle of
barotropic mode calculation. Bottom stress values determined by near bottom baroclinic
velocities are kept unchanged during this cycle. Thus barotropic and baroclinic components are
allowed to interact during intervals depending on the Courant condition for internal gravity
waves.
The finite difference scheme is usually explicit in time except for the treatment of
vertical diffusion, which is done implicitly. Practically all 3-0 models use implicit schemes in the
vertical due to stability-related problems. If such schemes were not employed, one should
prescribe an upper bound for the vertical exchange coefficient leading to an unrealistic
representation of momentum exchange processes. Leap-frog schemes are used for integration
of models with respect to time. The finite difference scheme of the first model mentioned above
is described in detail by Blumberg and Melior, 1985. For example, the authors use a-coordinates
such as a= (z-O/(h + (J. It helps to improve vertical resolution as depth decreases.
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- 35 Another approach to the development of 3-D models is connected to works by
Backhause (see Backhause, 1979, 1983, 1985; Backhause and Hainbucher, 1987). It was
successfully developed by many researchers (see Duwe, Hewer, Backhause, 1983; Duwe,
Sundermann, 1985; Pfeifer, 1985; Arkhipov, 1990). The idea of the approach is to use
multilayered models, in which equations of motion and continuity are written for all the layers
and are vertically integrated within them. The dynamic interaction of the layers takes place
through shear stresses and barotropic pressure gradient.
It was suggested in the models of Backhause to use an implicit time integration scheme,
which eliminates the Courant limitation for an external gravity wave.
Level gradient terms in the momentum equations are taken from the implicit time step
and in doing so integral (for a layer) transport components are expressed via these gradients and
substituted into the continuity equation, which is transformed into a finite difference elliptic
equation for level at each time step. There are some difficulties in such derivations because it
is impossible to approximate implicitly bottom friction terms in equations for integral transport
since near-bottom current velocity is not yet known at each implicit time step. The trouble is
that the explicit treatment of bottom friction poses some limitations on the time step. To deal
with this obstacle an artificial trick was proposed by Backhause (see his papers of 1983 and
1985) enabling one to preserve an implicit treatment of vertical diffusion terms and at the same
time to escape from unknown (at an implicit time step) bottom friction in the integrated
momentum equations. The scheme obtained is of second order approximation.
The method of Backhause allows one to have large time steps in 3-D models but its
implementation requires that the elliptic equation for level is solved at each time step. The
approach was used for the design of models of various regions including shallow waters such
as the Elba River estuary. It appeared to be a promising way for tackling ecological problems and
for research of various detergent transports in cases of accidental release.
The approach utilized in works by Blumberg and Melior, 1985; Dey, Melior, Hires,
1985; Blumberg, Herring, 1987 and other authors allows one to integrate 3-D models with large
time steps also. But at each "large" time step a 2-D problem is solved with a "small" time step,
which to some extent is analogous to the use of iterations for the solution of the elliptic equation
for level in models belonging to the Backhause approach.
The first approach is easier in numerical implementation while in terms of physical
process description none of them is superior.
Another way to resolve the vertical structure of sea currents leads to the so-called 2.5-D
models, which represent a combination of a local 1-D Ekman model and a two-dimensional model
based on the shallow water equations. The rationale of this approach was to decrease
considerably the amount of calculation and to obtain opportunities for using less powerful
computers than are needed for integration of general 3-D models. It is worth noting at the very
start that this approach is not able to cope with detergent transport problems.
Heaps (1972,1973) proposed one of the first storm surge models of this type. In his
model, horizontal components of current were represented as a series of expansions with respect
to the vertical diffusion operator eigen functions. Thus, horizontal velocities at arbitrary depth
could be determined as a sum of such series with arbitrary length. Bottom friction was taken
proportional to near bottom velocity.

- 36The above mentioned approach has been considerably developed by Davies (Davies,
1980; Davies, Stephens, 1983; Davies, 1985, 1986, 1990) based on the Galerkin method for
representation of vertical current profile. Turbulent momentum exchange was described via
semi-empirical formulae. Such models are called Galerkin-spectral models. In the calculations
by Davies, 35 modes were in use though he mentioned that for his purposes 20 would be
sUfficient. An assumption was made that 12 hours was a sufficiently long interval for vertical
current structure to reach its stable state. The condition that current speed was equal to zero
was chosen at the bottom.. Its validity was confirmed on the basis of comparisons with field
observations (Davies, 1990; Davies, Jones, 1990). a-vertical coordinates were used.
According to the authors, the great advantage of the approach is that by using it a
continuous profile of currents may be obtained. Multilayered models provide only discrete
current values. Davies and Flather (1987) determined the profile of extremal currents in the
North Sea. They used and tested several parameterizations of vertical momentum exchange
coefficients, which is very important because wrong values of this parameter lead to large errors
in the determination of current speeds near the bottom and near the surface. The possibility of
experimentation with several different forms of the coefficient was due to the considerable
efficiency of the method with respect to computing resources.
A shortcoming of the method is that series of expansions, which follow from taking
derivatives of solutions from the surface to the bottom, usually do not necessarily converge
gradually to actual solutions for u and v functions. Specification of zeros at the surface as
boundary conditions for eigen functions leads there to a discontinuity of first derivatives.
Jamart, Ozer, Spitz (1986) compared storm surge simulation results obtained with 2-D,
3-D, and 2.5-0 models. The computations were performed in a rectangular basin. The major
difference was that the dominant oscillation period in 3-D models somewhat exceeded that of
2-D models. The bottom boundary condition that u=O and v=O decreases the "effective"
depth, which determines th.e rate of propagation of long gravity waves. It results in phase shifts
between models. The mentioned behaviour is not unrealistic, since there is a boundary layer near
the bottom. However, the magnitude of the effect depends on the vertical current structure. 2-D
models do not "feel" the bottom boundary layer and therefore are not able to reproduce this
effect.

3.3

Stratification effects

The issue of baroclinity effects in storm surge dynamics is an important one. During the
second half of the eighties the number of publications devoted to 3-D shelf models greatly
exceeded that of 2-D models. However, the majority of such 3-D models were elaborated within
a barotropic formulation framework. Barotropic models are much easier to implement numerically
and that is why it is very interesting to assess the actual role of stratification in continental shelf
water dynamics. This is the subject of a paper by Craig (1989).
Hutnance (1978) proposed a criterion for the evolution of the role of stratification in
continental shelf models. It reads as follows

(3.14)
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Here N is buoyancy frequency, f is inertial frequency, H refers to the scale of depth, L is
a scale of length. Stratification is significant if S is of the order of 1 and if the frequency of
forcing is close to the frequency of internal waves with length equal to L/2.
Stratification lead, inter alia, to the fax that internal pressure horizontal gradients must
be taken into consideration in a shelf water dynamics model. It means not only that equations
(3.1 )-(3.4) must be solved but also the complete system including equations (3.5)-(3.7). If
S< < 1, the impact of baroclinity is not important. A large part of continental shelf waters is
well mixed by intensive storm and tidal motions and bottom relief there is more or less smooth.
In such circumstance's, for the majority of regions barotropic models may be used.
Fandry and Steedman (1989) employed a 3-D model to study the motions generated on
the north-western part of the Australian coastal shelf under the action of a tropical cyclone. In
their numerical solution the momentum equations were separated into two parts, namely for
vertically averaged currents and for vertically varying currents. Thus, their approach was similar
to that published by Dey, Melior, and Hires (1985) except that they did not take stratification
into account. The simulations were tested against observations.
It appears in the simulations by Fandry and Steedman that during a storm the structure
of currents is significantly changed, which is explained by the relatively small spatial and
temporal scales of perturbations caused by tropical cyclones. Such a cyclone generates a strong
longshore current. Its relaxation on bottom relief features after the passage of the storm leads
to the formation of topographic gyres as features indicating that some geostrophic adjustment
process is taking place, in which freely propagating shelf waves are generated. Strong
alongwind currents appeared to be confined to a narrow surface layer with thickness of the order
of (2k vm R/UJ*, where R is the storm radius, Vc stands for its propagation rate, and k"", is
the vertical momentum exchange coefficient.
Gjevic (1991) carried out numerical experiments with a multilayered shelf model but with
account for stratification. He also pointed out that tropical cyclones can generate shelf waves.
When the continental shelf is narrow this effect is more pronounced because stratification affects
the current field in an area where isolines of depth and those of density intersect. Such areas
often correspond to the shelf break since the major part of shelf waters overlie a relatively flat
bottom. Gjevic studied the response of stratified shelf waters to the passage of tropical and
extratropical cyclones. He used Eulerian and Lagrangian numerical schemes and demonstrated
that the latter is more effective, particularly if one were interested in tracing the mixed layer
depth variations. C and B Arakawa grids were used in the study, the difference between
corresponding results being mainly confined to phase deviations.

3.4

Turbulence modelling

Vertical exchange coefficients k v (k.mr k.T, k"sJ in equations (3.1 )-(3.13) represent a
crude parameterization of vertical turbulent exchange. In fact, they are to be determined from
equations describing the turbulence regime. Hence, an additional set of equations supplementing
the basic system should be used for the formulation of the problem in general.
There are different approaches to turbulence modelling, which constitute a broad branch
of science within the mechanics of fluids. See, for example, the monographs by Monin and

- 38 Yaglom, 1965, and others. Most approaches suffer from limitations connected to the usage of
empirical hypotheses and various assumptions that do not work properly when applied to
complex physical processes. Nevertheless, some of these methods have been adopted for
implementation in 3-D models of storm surges and tides and used in simulations of shelf
dynamics in some regions.
For example, in the model by Dey, Melior, and Hires (1985) a parameterization is used
for exchange coefficients that follows from one of the approaches considered in well known
papers by Melior and Yamada (1974, 1982). The exchange coefficient for momentum is
expressed in the following way:

(3.15)

where / is a scale factor, q2/2 denotes kinetic turbulent energy, S is a function of q, I, u +
v , gp/po reflecting the effect of thermal stability (Richardson number). Here lower index z
indicates the derivative with respect to the vertical coordinate. This set of characteristics is
determined from the equations for turbulent kinetic energy, q2/2 and the rate q 21 of its
dissipation. Both equations formally look as follows:

DF/Dt

=

(diffusion of F) + (shear and buoyancy
production of F) + (dissipation of F)

(3.16)

where F = q2/2 or q 21.
A vulnerable point of the formulation is specification of the boundary conditions for the
system of equations. The turbulent kinetic energy was set proportional to the modulus of lateral
wind stress, while the turb.ulent scale was assumed equal to zero:

q2/=O,
(3.17)
and c is a constant.
A similar turbulence closure scheme was used in the model by Blumberg and Herring,
1987, but their 3-D model was written in an orthogonal curvilinear coordinate system. Davies
and Jones (1990) showed that a detailed vertical turbulent description could lead to a significant
improvement in bottom layer current simulation.
Sheng (1987) applied a 3-D model with an advanced turbulence closure scheme to
estuary zones and studied exchange processes in various sublayers existing in estuaries, such
as frontal zones, bottom and surface laminar sublayers, constant flux layer.
General shortcomings of turbulent closure models are the abundance of empirical
parameters and constants and a lack of information necessary for specification of the boundary
conditions. They do not enable one to enjoy all the advantages of a well-posed general
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formulation. This reason gives rise to the development of much simpler algorithms for the
evaluation of exchange coefficients. One example is a simple relation proposed by Backhaus and
Hainbucher (1987). It looks as follows:

(3.18)

where

kinin

is minimal coefficient value, which in their model was taken equal to 25 cm 2 /s;

(3.19)

k is a constant, H is depth, uj is current speed in layer j;

(3.20)

Rij is Richardson number, a and p are constants taken equal to 7 and 0.25, respectively.

It is seen that the turbulent exchange rate in this scheme depends on dynamical factors
(via current speed up which in turn is related to atmospheric forcing) and on stratification (via
the Richardson number).
The development of accurate and efficient 3-D shelf models is apparently far from its
final stage. Major difficulties exist in the specification of adequate boundary conditions. In this
respect new methods of surface current observations may be very helpful, such as described in
Prandle and Matthews, 1.990.

CHAPTER 4

STORM SURGE PREDICTION

To forecast storm surges on an operational basis a special technology is required, which
should be based on the use of meteorological information (usually meteorological forecasts
computed by a forecast model) and on models of storm surges.
2-D models giving satisfactory results in the course of storm surge calculations were
developed for many areas of the world ocean, so the organization of the forecasting is to a great
extent connected to the elaboration of the technology utilizing computer networks, availability
of links for the acquisition and delivery of data, and the reliability of meteorological forecasts for
the region of concern.
Storm surges may be conventionally subdivided into tropical and extratropical ones
according to their generation source. Forecasting systems are constructed correspondingly.
Extratropical storms may be generated by relatively slow moving pressure systems.
However, they may cover much larger areas and continue for several days. They also may bring
severe devastation (for example, the 1953 event on the North Sea coast).
Tropical storm surges are generated by tropical pressure systems. Storm surges caused
by tropical cyclones are often of large height and may lead to flooding over vast territories with
catastrophic consequences (for example in Bengal Bay or for USA coasts). They are usually
quick in their generation and development, last several hours and affect a coastline over nearly
150 km. The sudden commencement of such events causes difficulties in prediction and
warning.
Due to more or less the same organization, only a limited number of examples of
operational storm surge forecasting systems will be mentioned in the current review.

4.1

Extratropical surge forecasting

An advanced operational storm surge forecasting system for shelf areas is in place in
the United Kingdom (Bidston Observatory, Birkenhead).
This system covering the north-western part of the European shelf water areas, has been
in operation since 1978 and is the subject of continuous development (Flather, 1976,1979,
1981; Townsend, 1981; Heaps, 1983; Flather and Proctor, 1983).
A 2-D model of the North Sea shelf is the core part of the system.
condition expressed by relation (1.33) is specified at the open boundary.

The radiation

The earlier version of the surge prediction system used 36-hour forecasts from the
10-level atmospheric forecast model of the United Kingdom Meteorological Office. Currently
atmospheric pressure fields are taken from the forecasts by the European Centre for Medium
Range Weather Forecasting.
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- 41 Initial fields for sea level and vertically averaged (from sea surface to bottom) currents
are obtained by calculations for the previous 12 hours done with the help of observed (and
objectively analyzed) data. Later, prognostic fields are used. There are two types of forecast
information: surge + tide and tide only. Surge level variations (including the part related to the
nonlinear interaction with tide) are extracted from these data.
The meteorological forecast model run starts twice a day, namely at midnight and at
noon UTC. Marine forecasts are ready for use a little later than the meteorological forecasts.
Temporal discretization of meteorological data with one hour timestep is used in the
hydrodynamic model of storm surges.
At the liquid boundary, where the surge component is obtained through the "inverse
barometer" relation, an interpolation is done between hourly level values to avoid non-smooth
numerical solutions. Results obtained by the coarse resolution model represent boundary
conditions for modelling storm surges ina number of smaller regions.
A promising approach for the improvement of storm surge forecast accuracy is
connected to the assimilation of operational sea level observations.
However, the most important factor limiting the overall quality of storm surge
forecasting is the accuracy of meteorological forecast information.
An example of such
dependence was the case of 13 December 1981, when a secondary trough propagated over the
territory of Great Britain causing, in association with the spring tide, the major storm surge event
that led to- considerable flooding on the southern coast of the English Channel. The forecast
system did not provide satisfactory prediction on that occasion.
However, numerical
experiments by Proctor and Flather (1989) demonstrated that the main cause of the storm surge
forecast failure was related to the inaccurate prediction of the development and propagation of
the secondary trough by the atmospheric model. When actual meteorological objective analysis
data were used instead oJ their forecast values, the height of the storm surge and the time of
maximum development were predicted correctly.

4.2

Tropical storm surge prediction

Tropical surge prediction is of vital importance because they develop very quickly and
have devastating consequences. Unfortunately, even warnings obtained as early as possible
often can not help in the prevention of human casualties.
Such surges are generated by relatively fast moving tropical cyclones and the
computational grid must therefore include sufficiently large basins, including areas far from
coasts which may be affected by the storm. This is why some nested rectangular grids of
different spatial resolution are often utilized for these surges, such as in the model of Jones and
Ali (1980) which was used for the prediction of storm surges caused by tropical cyclones in the
Bengal Bay. Storm surges were computed using a two-dimensional nonlinear model that took
into account the effect of tides. The propagation of surges along the banks of the Ganges and
the Brahmaputra rivers was traced as well. Later on, the storm surge models used for this
region, which is the most likely to be affected by catastrophic storm surges, were the subject
of intensive development (see e.g. Dube et al., 1986).

- 42 A well-known system for storm surge prediction is called SLOSH (Sea, Lake and
Overland Surges from Hurricanes). It has been developed by the National Weather Service of
the USA. It is intended for storm surge and dangerously high water level warnings over the
Atlantic coast of the USA. The SLOSH-model area contains some parts of the continental shelf
waters, inland water basins and some land regions. It totals 33 regions, each of them being
represented by an individual grid.
The SLOSH-model is the result of the development and modernization of an earlier
version named SPLASH (Special Program to List Amplitudes of Surges from Hurricanes). The
development of it is reported in Harris and Jelesnianski, 1964; Jelesnianski, 1965, 1967, 1976;
Barrientos and Jelesnicinski, 1978; Jarvinen and Lawrence, 1985; Jelesnianski, Chen and
Shaffer, 1990. The SLOSH model was used not only in the USA but for China, India, Bahamas
coasts also.
Both models are based on two-dimensionallinearized equations of shallow water theory
(the advective terms are omitted). An explicit finite-difference scheme is used, described in
Harris and Jelesnianski, 1964; Jelesnianski, 1967.
The SPLASH model used rectangular grids with one rigid and three open (liquid)
boundaries. However, the SLOSH model often uses nested polar grids with concentration of the
axes towards a pole, which is placed on shore. The mesh size varies from 0.5 km near the pole
to 7.7 km near the outer marine boundary. For some basins, the SLOSH-model uses special
so-called elliptical/hyperbolical grids having some advantages. For each grid node, values of
depth and land surface heights are set according to bathymetrical or topographical maps.
The SLOSH-model takes into account some subgrid scale effects such as caused by
sand banks, roads, rivers, canals, various constructions. It allows one to consider more
accurately flooding in such areas, including water flow over barriers.
The following data on tropical cyclones are normally used:
(a) Latitude and longitude of cyclone centre;
(b) Minimum atmospheric pressure in the cyclone centre;
(c) Maximum wind radius.
These three parameters are introduced into the model once each three hours during 72 hours of
forecast. The operational model uses prognostic values of these parameters. Astronomic tides
are neglected. The balance relation method is used for wind determination. The timeliness of
a warning being obtained with this system strongly depends on the capabilities of meteorological
forecasts. Usually a warning may be available approximately 24 hours in advance. For tropical
cyclones moving towards the coast at considerable speed, this period may be less. The accuracy
of the forecasts may be characterized by an error of some 20%. There are also some objective
limitations for the operational use of the SLOSH-model, because the accuracy of prediction is
strongly dependent on the determination of the cyclone trajectory and, particularly, on the
coordinates of its landfall point.

CHAPTER 5
SEA LEVEL AND CURRENT REGINE STUDIES FOR SHELF AREAS
WITH THE USE OF HYDRODYNAMIC MODELS

Exploitation of sea shelf mineral resources, oil and gas being the most important ones,
requires specific knowledge of primary hydrodynamical parameters such as sea level, waves,.
currents including their extreme (rare occurrence) values. The information about wind waves is
usually the most important but in the majority of locations and circumstances data on extreme
levels and currents (in some places on sea ice conditions) may be necessary as well. These data
are employed when the risk of construction damage and failure is evaluated for given periods of
exploitation. In doing so, estimation of their joint effect is of great value.
The methods for the estimation of rare occurrence values of random functions are
sufficiently well developed for cases in which long series of discrete measurements are available
(Jenkinson, 1955; Pugh and Vassie, 1979; Pugh, 1982; German and Levikov 1988). It is well
known, however, that sufficiently long series that could ensure statistically significant estimates
for open shelf water constructions usually do no exist.
In this case extreme statistics evaluation is often based on the binary exponential law
(Gum bel, 1955). It is used when the actual distribution is not known. Ways of practical
application of this technique for observational series analysis are beyond the scope of this
review.
Us.ually it is not possible to obtain regime parameters of sea level and currents for open
areas of shelf waters using series of field observations.
The need for extreme values for use in shelf area engineering design and construction
and the impossibility of obtaining them directly on the basis of field observations, requires that
new methods should be available, in which hydrodynamic modelling and statistical evaluation
(Flather, 1987; Davies and Flather, 1987; German and Levikov, 1988; Roper, Butler and
Garsia, 1990) could be jointly exploited.
For example, a method is given in Flather, 1975, which enables one to obtain extreme
vertically averaged (from sea surface to bottom) currents and sea level standings that are formed
by tides and storm surges. The method is based on the analysis of the results of hydrodynamic
. simulation of the spatial pattern of tides and storm surges, in association with the results of the
statistical processing of coastal sea level observations.
The tides were reproduced with some approximation as a sum of the main M 2 and S2
constituents and storm surges were calculated with a 2-D hydrodynamic model, which was
earlier used for operational storm surge predictions for the North Sea. It was applied to the
northeastern part of European shelf waters.
The procedure was performed in the following way. Sixteen cases of storm surges
during the period from 1953 till 1979 were simulated. Meteorological information on wind and
atmospheric pressure was introduced at 3-hourly intervals. At the open boundary the values
were obtained using interpolation and atmospheric data were used with the discretization of
three minutes. Two runs were performed for each case: one with joint account for tide and
The values of storm surge S' = (T+S)-T were
surge (T+S) and one for tide only
evaluated afterwards. After that, hourly values for level ~ and vertically averaged current
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components u, v were analyzed and extreme values were extracted. For currents, maximum
speeds were estimated for each 150 angular interval. The mean direction for the first interval
was taken equal to 0 0.
The maximum values obtained were compared with the statistical predictions of extreme
levels possible once in 50 years (s~ for seven coastal stations. The scaling factors
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a;: varied widely, from 0.96 to 2.33 m.
a;:

Values of
are determined using data for the
function" which are obtained by
spatial interpolation within the considered area. Extreme values of currents are calculated
similarly. In doing so Flather used the same scaling factors as for level values, which, in our
opinion, could lead to some deficiencies because statistical relations for level were applied to
closely related, but not identical functions of currents.
Estimates of extreme values possible once in 100 years were obtained in this work. In
the course of comparisons of extreme values obtained via observations and those derived on the
basis of surge and tide modelling, Flather found that for the majority of locations the combination
of spring (N!2 + S2) tide and surge height possible once in 50 years (S;; gave the value of
height occurring once in 100 years with accuracy of the order of 10%. The biggest deviations
were observed to coincide with areas where computed tidal predictions correspond badly to
observations. It is evident that for areas close to amphidromic points, such estimations should
not be used.
The above approach was further developed in the work by Davies and Flather (1987)
where statistical estimations of currents at different depths were made. The vertical current
profile was calculated using the method, which had been elaborated by Davies for a number of
years.- It was based on the separation of the flow into a set of vertical modes (see Chapter 3
of this review). The authors note that their approach is less expensive (in terms of computer
time and memory) than the use of ordinary 3-D models of shelf water dynamics.
Vertical shear of wind-driven current is determined by surface and bottom lateral
stresses and by the profile of the coefficient of vertical turbulent viscosity. For the 16 cases of
storms, some patterns of surface (wind) and bottom stress were determined. The profiles of
currents that took place during the famous 1953 storm event and the profiles of currents which
may be expected once in 50 years were obtained. The scaling factors from the work of Flather,
1987, were taken. However, it is evident that the possibility of direct application of such scaling
factors to surface and bottom stresses cannot be proved, this fact being mentioned by the
authors. At the same time, considerable breakthrough was achieved in the evaluation of
statistical properties of extreme current vertical profiles because they cannot be obtained on the
basis of observational analysis, while the need of such information is great for the steadily
growing offshore oil and gas industry.
An example of extreme bottom layer currents taken from the paper by Davies and
Flather, 1987 is given in Fig 5.1.
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exchange coefficient parameterization. It was noted that while for deep waters the vertical
current profile strongly depends on the type of parameterization, for shallow waters this
dependence is not great.
The authors assumed in their study that the current profile quickly converges to
equilibrium during extreme storms. Further insight into the problem, and modelling accuracy
increase, may be achieved by vertical turbulence studies and surface current observation
analysis, which up to now have caused some difficulties.
There are other methods for extreme value estimation based on the joint use of
hydrodynamic and statistical models. They were developed for different regions in which strong
storm surges occur. For example, they exist in the USA, Hong Kong, Australia, and in some
other countries. A good review of them may be found in the monograph by Murty, 1984. In
the majority of applications, SPLASH and SLOSH models were used. There are two ways for
their application for the determination of extreme level standings. The first one is based on the
analysis of historic storm events in regions of concern and the second uses the analysis of data
for so-called synthetic storms.
In the former case, storms are analyzed that were observed during a nhistorical n period
of existing observations. For the probability estimation, for areas where the background
information is insufficient, necessary modelling is performed and simulated series are considered.
It should be noted, however, that some limitations exist for extrapolation of the probability
distribution-function obtained using historical data. According to the estimations of Blakman and
Graff, 1978, it cannot be performed beyond the range exceeding four times the length of the
historical series of observations used.
In the latter case, some historical storms are analyzed so that statistical distributions of
some of their most important descriptive parameters are obtained and used for the creation of
nsynthetic n storms with a priori given rate of occurrence. For example, for hurricanes the
following statistical functions were estimated: atmospheric pressure in the centre of the
pressure system, maximum wind radius, speed and direction of propagation, point of land fall.
Such methods give the opportunity to simulate cyclones corresponding to an arbitrary rate of
occurrence. However, the assumption that storm surge level standings, which are obtained for
meteorological fields occurring once during n years, should correspond well to heights possible
once in n years is not sufficiently soundly based.
Nevertheless, such an approach has been widely used for estimations of possible
flooding zones with the use of the SLOSH model (Crawford, 1979).
Jarvinen and Lawrence (1985) presented examples of the SLOSH-model usage for the
prediction of zones of probable flooding for the planning of population evacuation. Flooding
zones were determined as composite values with storm surge heights corresponding to
parameters of 200-300 hypothetic storms. Separate maps of flooding were prepared for five
different levels of hurricane intensity with wind speed varying from 32 to 70 m/so In particular,
it was observed that more than half a million people live in the regions in the south-western part
of Florida which are the areas of possible flooding caused by a hurricane with wind speed of
70 m/so Tests done via another model revealed that at least 27 hours is necessary for the
complete evacuation of this population.
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and the method of parameterization ina hydrodynamic model of such subgrid scale effects as
barrier ice, canals, roads, etc. For example, in the 2-D hydrodynamic model FEMA (Federal
Emergency Management Agency) (Sunayada, Young, 1988) for the Louisiana coast, two grids
with different spatial resolution were implemented, the nonlinear terms and decrease of lateral
wind stress over the areas covered with vegetation were taken into account, while bottom
friction coefficient was assumed changing with depth.
It turned out that roads with width up to 30 m and height over mean sea level from 1 to
3 m represented serious obstacles for the propagation of flooding in the case of fast moving
hurricanes. For slowly moving hurricanes they do not change the situation considerably.
In the paper by Roper, Butler and Garsia, 1990, models and methods developed under
the auspices of the US Army Corps of Engineers are given, which are used at the Coastal
Engineering Research Center (CERC) for the evaluation of storm surge impacts. Multipurpose
methods are in operation, working on the basis of observation processing and model simulation.
They are intended for flooding probability assessment, evaluation of flooding heights induced by
wind wave penetration through barriers and coastal protection structures, rate of beach
transformation or erosion- prediction, elaboration of coastal protection measures.
An approach was in use in Russia, which is methodologically similar to the analysis of
synthetic storms. Atlases of synthetic wind fields were used in the storm surge regime
description for the Black Sea region (German and Levikov, 1988).
During recent years in the State Oceanographic Institution (SOl) of Russia, a technique
for numerical studies of tides and storm surges has been successfully used for the provision of
various services for coastal exploration. It is based on a numerical model incorporating nonlinear
equations of motion, field data analysis and statistical modelling. In the shallow water model for
the simulation of storm surges, external information included wind and atmospheric pressure
data. In tidal calculations, sea level variations at the open liquid boundary were obtained using
harmonic analysis prediction.
The general idea of the system is to simulate level and current characteristics for the
most severe storms only. For example, for the eastern Sakhalin coast 28 storms were selected
for the 37 year-long interval. Their duration varied from two to six days. For the Barents Sea,
24 storm cases were selected for a 40-year period. Atmospheric pressure maps were taken for
these areas with temporal discretization of three and six hours. This meteorological information
was used for wind calculation for each storm case for a grid with 1 spatial resolution. Similar
computations have been completed for the Kara Sea.
Sea level and current variations were calculated for the same storms. Atmospheric
pressure and surface wind (lateral stress) data were interpolated to the nodes of a 30-mile
resolution grid.
If in some locations observational series (sea level or current) exist with a duration of
the order of one month, harmonic analysis is performed and total dynamic parameters are
obtained as a superposition of their tidal and nonperiodic components.
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of a hydrodynamic model with an account of tides and meteorological factors.
It is noteworthy that for regions with abrupt bottom changes and complex coastline
shape, current structure may be complicated and corresponding nonlinear effects may be
important. In this case it is desirable to make a joint calculation of tides and surges. Usually
finer grids are necessary for such calculations. This is particularly true for the estimations of
joint effect of wind waves, currents and level variations.
At the open boundary the "inverse barometer" law was used in calculations of storm
surges. The boundary for the Okhotsk Sea is chosen along Kuril icelands, for the Barents and
Kara Seas they are determined according to the sea ice margin.
The tidal component of the total motion was predicted by harmonic constants, which
were computed on the basis of time series of sea level and currents taken from open sea gauges
and current meters. Total motion characteristics were obtained as a sum of tidal and surge
waves. For currents, the vector sum was meant.
The description of sea level and current regime must include estimations of the values
of rare occurrence. A threshold value method may be recommended, together with the
assumption that the probability distribution for such rare values obeys a binary exponential law.
Threshold values are selected equal to calculated values of minimum probability. Such a method
was applied by 501 for the platform design feasibility studies on the Sakhalin shelf and in the
southeastern part of the Barents Sea, as well as for design of an underwater pipeline crossing
for the Baydaratskaya Guba Bay of the Kara Sea.
An example of the calculated probability curve for sea level and current is shown in Fig.
5.2. Such estimations are used to assess values possible once in n years.

CONCLUSION

Hydrodynamic modelling of storm surges, which is the subject of this review, is a core
component in their prediction. Along with experimental studies and field data analysis it has lead
to considerable progress in sea level regime research, particularly as applied to evaluation of its
rare occurrence values for open areas of shelf waters.
2-D models of storm surges have already been reviewed in detail in the comprehensive
monograph by Murty and in the paper by Heaps. However, in connection with current activities
in storm surges modelling particularly in countries bordering Indian Ocean new consideration of
the subject with emphasize on numerical implementation of the models could be of interest. The
geography of storm surges is very well known and was reported inter alia in the above
mentioned publications. Due to that this review is restricted mainly to cases happened on the
former Soviet Union seas coasts since they have not been reported in easily available
international scientific literature.
Contemporary 2-D models of storm surges and tides in marginal seas are based on
efficient and thoroughly tested numerical schemes and they constitute a good foundation of
computerized technologies for operational predictions. Further achievements with 2-D models
may be expected from the development of data assimilation methods in shallow water models.
This approach is not considered in the review because in operational prediction it has not been
employed yet. However, first experiments (see, for example, [Budge!, 1986, 1987; Long and
Thaker, 1989; Das and Lardner, 1991]) show that it is rather promising.
Moreover, we do not address here problems of storm surges predictions in partially
ice-covered sea and models based on finite elements method of numerical solution. It is
supposed that more accurate reproduction of coastal line shape, which is possible with finite
elements methods or by application of some coordinate transformations, leads to improved
accuracy of calculations. However, such methods are more complicated in their implementation
Therefore they are more appropriate to water flow
and require much computer time.
calculations near various structures such as wave breakers, oil rigs basements, quays, for water
areas with very complicated shape and so on.
Need of information of vertical profiles of storm currents has simulated the appearance
of considerable number of 3-D shelf models. That is why one may found in the review a brief
description of various approaches to 3-D models construction and discussion on main problems
to be tackled in this approach namely vertical turbulent exchange parameterizations, account
for stratification and some other.
Nonlinear storm surge-tide interaction is a very interesting issue, which is traditionally
mentioned in reviews on storm surges modelling. Numerical simulation of this effect is an
effective tool of its studies. It is shown in the review that the effect is primarily of local nature
and is mainly expressed in nonstationary perturbations of current pattern. Thus, 3-D models
could be applied to studies of this phenomenon. At the same time existing problems in vertical
turbulent exchange evaluation may lead to considerable uncertainty in the results.
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- 49 Another important topic is related to the interaction between wind waves, swell,
currents and level variations. As an example of such a stud, publications by Tolman (1990a,b)
may be referred to, in which storm surge interaction with waves was simulated using a third
generation model of wind waves.
Summarising, this report does not claim to be complete. A much more detailed
presentation of the subject may be found in the monograph by Murty and in the review by
Heaps. However, the authors believe that the review may serve as a source of some additional
information, particularly on various aspects of storm surge model formulation and their numerical
implementation.
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Figure 1.1

Numerical grid node orientation (a-e). Figures b,c demonstrate boxes with sides
coinciding with solid boundary, while figures d,e represent the same but with open
(liquid) boundary.

Figure 1.2

Staggered temporal - spatial grid. (+) denote (-nodes, (I) denote V-nodes, and (--)
denote V-nodes.

Figure 1.3

Tide computations for Cape Bolvansky Nos (Pechora Bay of the Barents Sea) against
prediction using harmonic constants obtained by analysis of observations. Solid line
represents the results of the harmonic constants method, (x x) points refer to
calculations with traditional parameterizations of bottom friction and (0 0) points
refer to similar calculations but with Ramming's formula for bottom friction.

Figure 1.4
a and b

"Frictional factor" R, dependence on depth H for values of parameter p changing
from p = O. 5 (upper solid curve) to p =20.0 (lower solid curve), dashed line
corresponds to traditional parameterization of bottom friction with threshold depth
equal to 1 m. The difference between results shown in figures a and b is due to
different choice of Ho.

Figure 2.1'

Temporal level variation at Southend inferred from observations (curve 1) after the
extraction of predicted tide and barometric component against one obtained with the
nonlinear model by Banks (1974) (curves 2 and 3). Curve 2 shows surge component
obtained using total level model by extraction of tide (~+I=(..um-(.J. In doing so, the
total level function was set at the open boundary, i.e. 'um= T +5, where 5 means
surge calculated using coarse grid linear model of the North Sea shelf and T is
predicted tide. Curve 3 refers to surge calculated with the nonlinear model by Banks
for the case in which surge 5 was specified at open boundary.

Figure 2.2

Components of total level variation at point Shvedskie Stvory calculated using the
nonlinear model of the south-eastern part of the Barents Sea for various types of
boundary conditions. Sign "1" denotes tide (I), which is mainly constituted of M 2
wave, "2" refers to surge (I) corresponding to boundary conditions (2.2), "3" refers
to total level ((surrJ corresponding to conditions (2 ..3), "4" refers to surge calculated
with account taken of its interaction with tide ((..w=(..um-(T)' "5" is the interaction
function I determined according to equation (2.1).

Figure 2.3

Euler number e distribution 2.7 hours before high water in the southeastern part of
the Barents Sea, representing a measure of tidal current nonlinearity. Tidal
constituent M 2 was specified at the open boundary. In boxes shaded as box 1,
current field is nonlinear, i.e. O.05<e<0.1, boxes of the type 2 correspond to
strongly nonlinear flow (0.1 < e<0.25), black boxes (type 3) correspond to so called
"very strongly nonlinear flow" i.e. e> 0.25. In the area free of shading the flow was
weakly nonlinear (e<0.05).

- 60Figure 2.4

Numerically calculated hourly vector function of the nonlinear interaction between
tide, surge, and wind current for two points A and B in the southeastern part of the
Barents Sea. Positions of the points are shown in Figure 2.3.

Figure 2.5

Total current components at some instants in Cheshskaya Guba (a,b,c) and
Pechorskaya Guba (d,e,f) bays. Vectors of currents corresponding to components T,
Sw sum were estimated for the same conditions as level variation components ~,
(w, (u m shown in Figure 2.1 under numbers 1-3. Vector I is determined as
1= sum-Sw - T.

Figure 5.1

Contours of sea-bed current velocity (cm/s) derived by Davies and Flather (1987).

Figure 5.2

Surge and negative surge height distribution function for a point on the open part of
the Sakhalin shelf.
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EXTRATROPICAL STORM SURGES

w.

Seifert

CHAPTER 1

OCEANOGRAPHIC ASPECTS OF STORM SURGE

In a coastal or inland water body, a storm surge is a temporary rise of the water surface
above the predicted tide level, with a period ranging from a few hours to a few days. It is
primarily caused by strong winds, with an on-shore component. Using this definition, both
wind-generated waves (wind waves) and swell, with periods of few seconds, are excluded. In
Europe, the expression "storm surge" is particularly used in connection with water level
oscillations of the North Sea. In some other countries, the terms "wind tides" or "storm tides" are
used to refer to similar phenomena, sometimes including and sometimes excluding the effect of
astronomical tides.
The spectrum of ocean waves is shown schematically in Fig. 1.1, with typical frequencies
of storm surges in the range of 10-4, which gives a period of about 3 hours. The periods of water
level oscillations may vary considerably depending both on the topography of the water body and
on other factors such as the direction of movement of the storm, the intensity of the storm and
the stratification of the water body. Even in the same water body, storm surge records at
different locations can exhibit different periods. The range of the surge depends on the
topography in the region of the tide station and the location of the tide station relative to the
storm track.
Storm surges are long waves and belong to the class of astronomical tides and tsunamis.
There are, however, some important differences. Tides and tsunamis occur on the oceanic scale,
storm surges are a coastal phenomenon. Furthermore, tides and tsunamis will not significantly
affect completely closed coastal or inland water bodies while storm surges can occur in enclosed
lakes and in canals and rivers.
Storm centres within the westerlies or extratropical storms can produce dangerous storm
surges in coastal areas. In Canada and in the northeastern United States, storm surges are most
frequently caused by such extratropical weather systems. In addition, severe storm surges
generated by extra-tropical disturbances also occur in the North Sea damaging the coastlines of
the British Isles, Ireland and, on the southern coast of the North Sea, of the Netherlands, Germany
and Denmark.
This study examines extratropical storm surges, provides an overview of the mechanics
of their generation and describes several prediction techniques.

CHAPTER 2

OCEANOGRAPHIC ASPECTS OF STORM SURGES

As mentioned earlier, for the purposes of the folowing discussion, we consider storm
surges to be the composite result of astronomical tides, meteorological influences such as
windstress and other external factors such as coastline shape and bottom topography.
Additionally, currents affect storm surges especially in or near estuaries.
In general, the observed water level X(t), which varies with time t, can be written as
X(t)

= Zo(t) +

T(t)

+ Set)

(2.1 )

where Zo(H is the mean sea-level (which changes slowly with time), T(t) is the tidal part of the
variation and Set) means the meteorological surge components.
Using the Fourier analysis technique with M observations of a time series we get
X(t)
where

= :z., +

L Am cos(mat) + L Bm sin (mat)

(2.2)

Am and

Bm may be evaluated by analysis of M values of X(t) sampled at constant intervals
~t, a means the frequency (2TT/M~t), and Zo is the average value of 'l (t) over the period of
observations. If we use

= arctan

gm

(Bm/Am)

we get
X(t)

= Zo +

L Hm cos (mat - gm)

(2.3)

Calculating the total variance in the series we get
M/2

1/2 L

Hm 2

(2.4)

m=1

This means that the sum of the individual variances gives the variance in the total observed series:

Mn

Ma

L (X( k.t1t) - Zo)2

=L

m=1

m=1

Ma

T 2 (k.t1t)

+ L S2 (k.t1t)

(2.5)

I

m=1

.I
total variance

tidal var.

surge var.
,

i
I
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Tidal effects

The tide can be adequately described by the sum of harmonic oscillations, with the period
of each constituent being defined by the configuration and relative motion the earth-moon-sun
system. The tide is the rise and fall of sea level, with a period of about 12.4 hours for the
semi-diurnal tide or about 24.8 hours for the diurnal tide, as shown in Fig 2.1. If there exist
varying periods we call such tides mixed tides.
Oceanic water masses are not only connected in a complex manner to the tide-generating
forces of the sun and moon but also respond to coastal topography, to resonance in bays and
estuaries and to forces due to the earth's rotation.
Two important forces affect the sea's surface, creating two sets of bulges (Fig. 2.2).
These are the gravitational forces between earth and sun and between earth and moon and the
centrifugal forces resulting from the rotation of the earth, sun and moon about their joint centre
of gravity.
The earth-sun bulges rotate around the earth every 24 hours at an inclined angle of 23.5 0 •
The earth-moon bulges rotate every 24 hours and 50 minutes at an inclined angle of 50 and are
2.5 times bigger than the earth-sun-bulges. An ideal tide, in the absence of any land masses, can
be calculated by the sum of these two sets of bulges.
In addition to the lunar cycle of 29.5 days and the solar cycle of one year, there are other
longer cycles present. Twice during each lunar cycle, the two bulges overlap each other, when the
sun and the moon are aligned with respect to the earth. These "spring tides" occur during new
moon and full moon. During the first and last quarters, the effects of sun and moon are in
opposition and the resulting tides are at a minimum. These very low tides are known as "neap
tides" .
In addition to the astronomical influences, the form of a tide will be changed by the shape
and size of a basin which produces resonance and differences in the reaction of the tide.
2.2

External surges

Astronomical tides are relatively accurately calculable in advance. They are the sum of
partial harmonic oscillatio~s with well known periods related to the motions of earth, sun and
moon. An additional influ~nce on the astronomical tides is a distant effect of ocean tidal waves,
with a long period, sometimes called "external wave" or "external surge".
A further important factor is the static atmospheric pressure which directly affects the
water surface. High pressure depresses the water surface and forces the water to flow towards
areas of lower pressure where the water surface consequently rises by nearly 1 cm / 1 hPa of
pressure gradient. This effect is observed in ocean areas and in large basins like the North Sea.
Some differences between the theoretical value of pressure-induced sea level rise of 1 cm / 1 hPa
and observed values may result from wind effects and from the depth of the basin.
Tides may also be increased by rapid tendency-variations of the air pressure field. The
German Hydrographic Service uses the following empirical relationship to calculate this effect:
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z 4 * .6p
with.6H = elevation of the water surface in cm
.6p = 3-hourly pressure tendency in hPa
From this formula, a pressure tendency of 10 hPa/3 h results in an internal surge of 40 cm
elevation.
Other measurable but less significant internal surges are produced by density gradients
within the ocean.
The group velocity of external surges affecting the water surface can reach values of
10 m/so Fig. 2.3 and Fig. 2.4 show the path and the elevation of the water surface at Aberdeen
and Cuxhaven forced by an external surge. The dotted curve shows the elevation in Aberdeen
shifted by 15 hours while the solid line means the residuum elevation in Cuxhaven produced by
wind and pressure effects.
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CHAPTER 3

METEOROLOGICAL ASPECTS

The tidal movements of the sea are, as pointed out above, modified by meteorological
factors. In mid-latitudes, disturbances within the westerlies are particularly significant in this
respect. In equation 2.1, the term 5(t) includes the influence of the wind, pressure and other
meteorological factors on the sea surface elavation.
As is well known, developing disturbances or waves are found within the baroclinic
structure of the mid-latitude frontal zone where the pressure and temperature fields are inclined
to each other. These perturbations are embedded in planetary-scale flow which is itself baroclinic,
since it is influenced by large scale topographic variations and the thermal contrast between
oceans and continents.
In a zonally averaged cross- section (Fig. 3.1), we see the typical structure of the frontal
zone in winter (above) and summer (below) with a wind speed maximum, the jet stream, near the
tropopause and general baroclinity between 30 0 N and 65°N. This is the condition for the
development of disturbances which can intensify to storm centres.
3.1

Development of extratropical cyclones

Because the theory of cyclone development is well known, the following represents only
a brief overview.
An idealized vertical cross- section through the jet stream is shown in Fig. 3.2, with a
strong temperature gradient evident within the frontal zone or so-called polar front. Any small
perturbations introduced into the jet stream flow will tend to amplify using a part of the jet's
energy. This instability is called baroclinic instability and is dependent essentially on the vertical
wind shear.
The typical development of a baroclinic cyclone resulting from the baroclonic instability
along the polar front is shown in Fig. 3.3, with strong cold advection west of the trough at the
surface and weaker warm advection to the east. The structure of this thermal advection results
from the fact that the trough at 500hPa lies to the west of the surface trough.
This vertical structure is illustrated in Fig 3.4 which shows a downstream (west-east)
cross section of a developing baroclinic system. The axes of the trough and ridge tilt westward
while the axis of the warmest and coldest temperatures have the opposite tilt. The consequence
is that the mean flow gives up potential energy to the developing wave. When the upper and
lower trough are in phase there is no thermal advection and the system is in a mature stage.
A special form of extratropical cyclones shows a hyperbaroclinic pattern of the thermal
structure. The 500/1000 hPa structure is strongly deformed with a warm core over the surface
trough and a very strong cold advection in the rear. The reason for this development can be either
strong warm advection, if the wave development starts on the warm side of the frontal zone, or,
more often, rapid diabatic warming caused by heavy rainfall near the centre of the cyclone
combined with strong cold advection on the rear. Fig 3.5 shows the general structure of these
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with the surface pressure field.
The significance of this synoptic situation to storm surges is easy to understand if we
look at the pressure tendency field. Near the centre of the cyclone, together with warm advection,
we find a second area of falling pressure and southwest of the centre, together with cold
advection, there must be an area with strongly pressure tendencies. In this area, the strongest
winds will develop because of the great differences in the pressure tendency field resulting from
the thermal deformation.
3.2

Cyclone tracks·

The typical long wave pattern in the mid-troposphere over North America is characterized
by a trough over the eastern part of the continent, influenced by the orographic effect of the
Rocky Mountains. As Fig 3.7 shows, cyclones from the middle-west are forced by this long wave
pattern to move southeastward with strong cold advection to the rear. Downstream of the long
wave trough, cyclones tend to intensify over the eastern part of the continent because of the
strong baroclinic structure within the warm part of the frontal zone. In winter, three main storm
tracks are observed over North America:
eastward moving depressions along 45°N and 50 o N;
depressions which move south-eastward from the central United States then turn northeastward as they pass the long wave trough position and intensify over the New England
States;
polar front depressions moving from the Eastern states north-north-eastward to the
Labrador Sea.
Weather systems crossing Europe are influenced by a heterogeneous sea-land distribution
including several mountain chains:
the Scandinavian mountains stretching southwest - northeast;
the Alps....generally oriented from west to east;
the Pyrenees between France and Spain, extending west to east;
the Appennines along the axis of Italy.
The typical winter development of depressions which affect Europe starts over the
western North-Atlantic with a course off southern Greenland to Iceland and northeastward to
northern Norway (Fig. 3.8). There are also less frequent developments which occur in more
subtropical regions near Bemuda or as secondary systems south of a steering storm centre in the
North Atlantic. These move rather quickly across the Atlantic intensifying over the eastern
sections. These lows are mostly of the warm core type. For this type of depression, we can
identify three typical storm-tracks which mainly affect the North Sea region (as shown in Fig. 3.9).
the Jutland type moves very fast from Great Britain over the North Sea to Jutland (for
example 1976) with a severe storm-field over the southeastern part of the North Sea;
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- 69 the Scandinavian type develops south of Greenland and Iceland moves eastward and
crosses Scandinavia. The wind field persists over more than one tidal period and causes
high surges in all North Sea coastal areas (like 1962);
the Skagerrak type intensifies through a secondary development over the Skagerrak,
caused by the Scandinavian mountains (as 1953).
3.3

Estimation of the core pressure

Although numerical models are indespensable in forecasting extratropical cyclones, the
sparsity of meteorological data over ocean regions may cause problems in accurate analysis and
lead to incorrect forecasts. It is helpful, therefore, to identify cyclones at an early stage of
development, using satellite imagery to estimate the core or central pressure associated with their
cloud patterns.
Junker and Hailer (1977) have developed a technique of cloud-based interpretation
following the studies of Sherr, Rogers and Chang (1965). Pictures with characteristic cloud
patterns of developing or intensifying cyclones were compared with the lowest observed pressure.
They are grouped into six groups of 1O-hPa-increments between 1000 and 960 hPa as outlined
below.
When a wave starts to develop, the cloud band becomes bright with an anticyclonic bulge
and core pressure of more than 1000 hPa. With increasing development, the pressure falls below
990 hPa and a beginning dry slot forms on the rear edge of the solid bright clouds. If the
intensification continues, the pressure "falls to 980 hPa while the cloud band wraps itself nearly
3/4 of the way around the cyclone centre. If the central pressure reaches 970 hPa, the cloud
band has completely surrounded the centre. Below 970 hPa, the cloud band wraps itself 1-1/2
times around the centre while a circular cloud pattern around the centre indicates still lower
pressure. Fig. 3.10 shows the typical stages, with an estimation of the core or central pressure.
For the data-sparse regions of the southern Atlantic between South Africa and South
America and also during expeditions in the polar North Atlantic, a regression analysis has been
carried out by the German maritime meteorology department which relates parameters of the cloud
band with typical core pressures of intensive cyclones.
As Fig 3.11 shows, a typical cyclonic cloud band was associated to the distance from
core position to the first inner cloud band, called outer radius (OR), to the diameter of the core (ID)
and to the core pressure which could be measured sometimes by buoy data or by observation
through the german polarship "Polarstern" near the centre of the low.
The association between central pressure and the cloud structure parameters in the
sub-Antarctic waters of the South Atlantic during the season from October to December was
found as:
P

= 0.0683 *

OR - 0.172932 * ID - 0.03752 * PHI + 974.76231

with P = pressure in hPa, PHI = geographical latitude (without sign). The results are in good
accordance with the results of Junker and Hailer.
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patterns was made by Guymer (1978). The structure and the centre of the vortex are arranged
to the anomaly pattern of each type of the cyclone stage. These anomaly patterns were
developed and used over a 10-year period at the World Weather Centre in Melbourne. One of the
decision-laws is that the sea-Ievel-pressure-anomaly, which refers to the seasonal mean pressure
for a regularly shaped vortex in m·iddle latitudes, is 11/2 times its east-west diameter (MD in
Fig. 3.11) measured in degrees latitude for cyclones in a mature stage.
3.4

Numerical models

Except for short range forecasts of up to 6 or 12 hours, where synoptic methods may be
more appropriate, numerical weather forecast models offer great advantages, especially if the
meteorological and a surge model are coupled with each other. An example of a regional fine
mesh model used in the German Weather Service is given in this chapter.
The German numerical weather prediction system consists of a global model, (GM), for
large-scale-prediction and a regional model (Europe model, EM) for the synoptic and meso-a-scale.
The horizontal mesh of the grid points varies between 55.5 km and 47.1 km.
Specific goals of the EM are:
to produce more detailed forecasts of weather parameters close to the ground along with
better simulation of clouds and precipitation;
the preparation of meteorological fields for environmental applications, e.g. air pollution
and sea state!
The analysis scheme allows improved representation of the vertical temperature and
humidity profile of the lower atmosphere by using higher resolution radiosonde data below
700 hPa. The humidity analysis takes into account the cloud cover and the present weather from
synoptic observations. The intermittent 4-dimensional data assimilation streams for GM and EM
are schematically shown in Fig. 3.12. After the analysis, an implicit nonlinear normal mode
initialization balances the EM mass and wind field.
All prognostic EM surface parameters (e.g. soil temperature, soil water content) are mixed
in the lateral boundary zone (see Fig. 3.13), with the corresponding interpolated values of the GM
at the start of the EM.
EM is based on the primitive equations in a terrain-following, hybrid, coordinate system.
The prognostic variables are:
surface pressure p;
horizontal wind components (u,v);
total heat h = c p T + Lv q defined as the sum of enthalpy and latent heat of
condensation;
total water content qw = qv + CIc , which is the sum of the specific contents of water
vapor qv and cloud water qc'
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- 71 The variables temperature, T, water vapor content and cloud water content, can be determined
diagnostically from the prognostic variables hand qw, distinguishing between cloud and no cloud
cases.
For each 0.5° * 0.5°grid box, several topographic parameters are defined:
mean hight above sea level;
portion of box covered with land;
prevailing soil type;
vegetation cover;
roughness length over land.
The vertical structure of the atmosphere is resolved into 20 layers of upwardly increasing
thickness in a hybrid coordinate system. Eight layers are used in the lowest 2 km of the
atmosphere to reproduce the structure of the boundary layer sufficiently well; four layers are
placed in the stratosphere (Fig. 3.14).
The main orography above sea level for Central Europe is seen in Fig. 3.15.
The prognostic variables, (u,v),h and qw, as well as the diagnostic quantities, T,qv,qc and
00, the vertical velocity in the pressure system, are defined at the centres of the full levels (full
layers). The geopotential <P, the vertival velocity 11 in the hybrid system and the vertical diffusive
fluxes are evaluated at the layer interfaces (half-levels).
At the vertical boundaries, the vertical velocity vanishes because of no mass fluxes across
these boundaries. At the lateral boundaries, time-dependent boundary values at an interval of
three hours are provided for all prognostic variables except the cloud water content, by a run of
the Global Model from the same initial data as EM.
Horizontal diffusion of momentum, total heat and water content is linear forth order. The
diffusion coefficient is set to 10+ 14 m 4 /s, which gives an e-folding time of twice the time step for
the shortest resolvable waves (twice the grid size). In the Prandtl layer, the Dyer-Businger
relations, as modified by Louis, are used. In the Ekman layer and the free atmosphere, a second
order closure scheme is used of hierarchy dependent on the vertical temperature profile and the
wind shear.
If the land portion of a grid box is less than 50%, this grid point is treated as sea point,
with a constant temperature during the forecast time. For land points, a soil model predicts the
temporal evolution of temperature and water content. Two layers in the soil are compared (for
the heat budget, about 10 cm and 25 cm; for the water budget, about 10 cm and 90 cm ). No
analysis of soil temperature and water content is performed but instead the 6hr first guess of the
4-dim. data assimiliation is used.
Bergeron-Findeisen processes are considered and allow for the calculation of the
interaction between the water phases. As parameterization of moist convection, a simple soft
adjustment scheme is used. Pressure weighted vertical averages of the moist static energy and
(u,v) between cloud base and top of cloud are the reference profiles for hand (u,v).

- 72In saturated layers (qc> 0), 100% cloudiness is assumed and the liquid water content qc
is used in the evaluation of radiative fluxes. In subsaturated layers (qc=O), a fractional cloud cover
is derived from relative humidity.
The EM-forecast is run twice a day for 00 UTC and 12 UTC, with a short cut-off time of
3 h 26 min. With the boundary data provided by the GM in 3-h intervals, the EM gets the best
possible lateral boundary conditions available.
As an example of verification Fig. 3.16 shows the 10m wind-error, in m/s, for a sample
of stations in Europe, valid for the T +48h forecast. In Fig. 3.17, the surface pressure forecast
for T +48 h and the analysis at this time are seen. It is an encouraging result which qualifies the
model to drive a surge prediction model used by the German Hydrographic Service (Bundesamt fur
Seeschiffahrt und Hydrographie).

CHAPTER 4

SPECIAL PROBLEMS OF STORM SURGE PREDICTION

For predictive purposes, one generally subtracts the astronomical tide from the observed
water level and treats the difference (the residuum in Fig 4.1) as the surge or storm surge. This
residuum, while somewhat dependant on the tidal situation and on the bottom friction, is most
affected by meteorological influences such as windstress.

4.1

Interaction between tide and windfieId

The water level rises when affected by on-shore wind directions and falls in the case of
off-shore winds. In additon to the wind speed, the angle between the wind direction and coastline
is rather important. An irregular coastline, outlying islands and variations in the water depth lead
to a progressively more complex prediction problem. The surge is proportional to the wind
velocity with the wind direction being part of the equation. In addition, the fetch and the wind
reaction time are other important factors. Observations in the German North Sea area show a
maximum value of surge occurring after three hours with constant wind velocity.
Surge maxima frequently occur nearer to the time of high water than to low water, but
there are remarkable variations. The highest number of surges occur on the English east coast
during flood; on the Dutch coast at low water, flood and high water with the same frequency; and
on the German coast at low water. This is strongly correlated with the wind conditions, as
mentioned above, the phase lag between wind and surge maximum being about 3 hours. Wind
maxima occur most frequently during ebb tide in the German Bight while along the English east
coast this happens around local low water time. Fig. 4.2 shows the different surge and wind peaks
at some North Sea stations.
The reasons for the above variations can be found in regional differences in the interaction
between storm surge and tide, as illustrated in the following examples:
In the case of a progressive wave in an estuary of uniform width, friction does not affect
the times of low or high water. Influenced by the shallow water term (see chapter 4.2),
the high water occurs earlier and the low water occurs later. A surge with a maximum
height near the time of tidal low water tends to be higher than a surge near tidal high
water;
A progressive wave in a estuary with variable width is influenced by both the shallow
water term and by the friction term. Here, the variable width makes high waters higher
and low waters lower while the friction term works in the opposite direction tending to
make high waters lower and low waters higher. Simultaneously, the shallow water term
makes high water occur earlier and low water occur later than otherwise would be the
case;
In case of a standing wave in an estuary of uniform cross section, the friction and
shallow water terms result in the time of high water being delayed. The amp!i~~de of the
surge affected by the friction may be higher or lower depending on the time variation of
the surge;

- 74At the mouth of a river, due to the outflow, the tidal wave has to climb up on top of the
sloping water surface. Moving upstream, the potential energy of the tidal wave increases
while its total energy is being dissipated by friction.
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The water level gradients generated by wind are inversely proportional to the water depth and the
river flow gradient.
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A positive surge and a high discharge may accelerate the propagation of the tide because:
the propagation speed is proportional to the square root of the water depth, so that the
surge may travel faster;
the bottom friction is inversely proportional to the water depth; this means there is less
bottom friction and the tide can travel faster.
Correspondingly, a negative surge can retard the tide.
These effects produce a foreward phase shift of the tide which modifies the surge
heights.

4.2

The effect of friction

The water near the surface is driven by wind stress in the direction of the wind. The
water movement at the surface is transferred to greater depths by internal friction while the
velocity decreases with increasing depth. Depending on external parameters (structure of the
basin, coast line, wind velocity, tidal situation), one can find a level where this movement
becomes zero. In shallow water, this level will extend to the bottom.
Let us imagine tha~ this water layer is transported to the coast. If there is no possibilty
to turn aside, the water level will raise and produce a water level gradient which creates a pressure
gradient within the water layer. The water body reacts with an opposite directed flow in lower
levels especially near the bottom, affected by bottom friction. In the early stages of a surge, the
reaction flow has lower values than the wind-driven flow and the water layer rises up to an
equilibrium condition. In water bodies of greater depth, the equilibrium stage is reached in a
relatively short time interval. Consequently, the maximum surge heights in shallow water are
lower than in deep water as shown in Fig. 4.3.
The tangential stress at the sea surface is nearly proportional to the square of the wind
speed. This proportionality is expressed by the product of the atmospheric density and the so
called "drag coefficient" (Co). The drag coefficient can be calculated directly from wind profiles
and by the eddy correlation method.
The drag coefficient obtained by direct methods (Smith and Banke, 1975) has a typical
value of:
CD = (0.63

+ 0.066 * W lO ) * 10-3

(4.1 )

W 10 in (m/s) is the wind speed at 10 m. Equation (4.1) is generally valid for wind speeds less than
14 m/so At wind speeds between 10 and 30 m/s, CD varies between 0.002 and 0.003.

- 75 A more commonly used equation for the drag coefficient corresponding to wind speeds
associated with strom surges (Wilson, 1960) is:

Co = (0.36 + 0.1 * W) * 10-3
With regard to the shear stress vector along the sea surface, ts, the generally expression
is:

(4.2)
with Pe is the atmospheric density , u the wind velocity in X-direction at a certain height (for
example 10 m above sea level).
This fact suggests that the wind-generated waves have special effects on the tangential
shear stress along the sea surface similar to the roughness length.
With regard to the bottom stress Tbt the same type of expression as for Ta is used for the
tidal current under storm surges:

(4.3)
whereas
(4.4)

is the roughness length at the sea bottom and h is the water deptt"\, y is the bottom drag
coefficient and Pw is the water density. It is evident, that the bottom stress will act to amplify the
effect of surface stress, in addition to the ordinary effect of friction.
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4.3

Breaking waves

In general, when waves propagate into shallow water (for example when approching a
coast) nearly all characteristics of the waves change as they begin to "feel", or interact with, the
bottom. In such circumstances, only the wave period remains constant while wave speed and
wave length decrease with decreasing depth. What happens here is that there is, first, a slight
decrease in wave height when the water depth become less than the half wave length.
The original wave height is then regained when the ratio H/L is about 0.06. Thereafter,
the wave height increases rapidly with the wave steepness until the breaking point is reached with
he = 1.28*HB where h B is the breaking depth and He the breaker hight.
As is well known, the water particles describe an orbital motion (a circle in deep water,
an ellipse in shallowwater) in a vertical plane during one wave period, provided that we are dealing
with simple wave motion. Depending on the wave steepness, a water particle does not return
to its exact starting point but reaches a slightly advanced position in the direction of wave
movement.
If H means the diameter of the particles orbit, the speed of an individual particle is V
H * TT / T, when T is the period.

=
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orbit diameter is equal to the water depth. Should 7*H equal the wave length L, (H/L = 117), the
forward speed of the water in the crest becomes equal to the propagation speed which is LIT.
At this stage, no greater forward speed of the water is possible; consequently, the wave will
break.
This implies that, according to Stokes theory, waves cannot be higher than than
one-seventh of their wave length without breaking. In reality, the height of waves is seldom
greater than one-tenth of the wave length.

CHAPTER 5

METHODS OF STORM SURGE PREDICTION

In many mid-latitude coastal regions, extratropical storm surges can damage installations,
industrial facilities and equipment or cause losses of livestock or human life itself. For centuries,
people have attempted to protect themselves and their property by constructing polders, barriers
or dykes. However, there continues to be a need for surge and storm prediction because there
are many areas which "remain unprotected and from which people, livestock or equipment must
be removed in advance of an imminent storm surge.
In addition, dykes and barriers can be damaged or may break so it is necessary to
maintain and reinforce them. Furthermore, the closure of a storm tide barrier hinders navigation
and timely and reliable warnings of storm surges can be used to minimise the impact of such
navigation delays.
About a century ago, when meteorological effects on storm surges were recognized,
people began to develop forecasting methods. The earliest forecasts were short term predictions
based on correlations between observations of the highest water stages at locations where storm
surges occurred at different times. Improved techniques were based on combined examination
of measurements of surge, wind and pressure upstream and include consideration of the
topography of the threatened region. These latter methods have been developed by most coastal
countries, using statistical or regression approaches to obtain locally applicable predictive
equations.
Prior to the computer era, some analytical methods were developed but they were of
limited practical use compared with statistical methods which are relatively easy to compute.
Today, progressively more accurate numerical storm surge prediction models exist which take into
account meteorological and tidal information and forecasts as well as the influences of currents,
topography and external surges.
5.1

Empirical methods

As is well known, the static pressure (or "inverted barometer") effect, mentioned in
chapter 2.2, is

S = (1013 -

p)

*

0.033

(5.1 )

where S = maximum surge in feet and the expression in parenthesis is the pressure anomaly.
This is the inverse barometric effect and indicates that a decrease of 1 hPa in the atmospheric
pressure gives rise to an increase of 1 cm in the water level.
Combining the effects of suction due to atmospheric pressure and the piling up of water
at the shore due to wind stress, Colding (1880) used
S

= a*f1p +

b*U 2 * cos

e

(5.2)
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angle between the optimum wind direction producing the maximum anomaly and the direction of
the actual (forcasted) wind speed. The terms a und b are empirical constants. In the case of very
slow variation of atmospheric pressure and wind speed, the term a must be nearly 0.99 (in a
metric cgs-system). The term b is expressed by

= bay length in km

I
~ I

(5.3)

b ::-; 0.048 * L/H
where L

I

and D

= bay mean water depth

in m.

This formula gives only a very rough estimate of the surge height because there is no
consideration of the terrain slope of the bay and no estimation of resonance effects between surge
and boundary.
In a rectangular channel of uniform depth with a constant wind, the slope of the water
surface (Hellstrom 1941, Bretschneider 1962) is

=

dS/dx
With Ts/p*g

+ Tb)/(p * g * (h + S»

(Ts

3.0 * 10-6 *U 2 Ig and

=

(5.4)

Tt/Ts ca. 0.1

equation (5.4) can be re-written as

dS/dx = K*U 2/g(h+S)
with K

= 3.3

* 10-6

,

(5.5)

U = windspeed

If we consider a continental shelf of uniform depth and wind blowing perpendicular to the
coast, equation (5.4) leads ,to the solution
S

= K*U 2 *x/g(h+S/2)

(5.6)

This quadratic equation gives the positive root by
S = h

* ((((2KU 2X)/9h 2 )+ 1)112 - 1 )

In the case of a shelf with a constant slope and on shore winds
2
Smax = K * T1
Ic 1
*(h
1/h
0)1/4 *U max *Z

(5.7)

with K = 3.3 * 10.{l, h 1 is the depth of the edge of the shelf, ho is the depth near the coast where
Smax applies. Umax is the maximum wind speed and Z is a repsonse factor as cos 6.
Other relations are
11

I'

.i
e = 112 * (Cl + co) and
T1

= lie when I is the

I
, I
length of shelf.
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get a simple calculation for a North Sea wind field, with different constant wind speeds and
variable direction from 260 0 to 360 0 , affecting the mouth of the Elbe. The result in Fig. 5.1
shows good agreement with observed heights for winds between 280 0 and 310, directed towards
the mouth of the Elbe. . For more northerly directions, from 320 0 to 360 0 , calculated surge
heights are lower than observed because the interaction between surge and the lateral boundaries
has not been considered.

5.2

Statistical methods

Statistical methods are widely applied for storm surge prediction. One advantage of such
statistical methods is that it is not necessary to interpolate input data in space and time, as is
required by dynamical methods. On the other hand, it is necessary to calculate an influence or
admittance function at each location for which a storm surge prediction is required. Normally,
historical data, rather than theoretical considerations, are used to determine this functional
relationship.
After a relatively short time interval, initial conditions have no further significant influence
on a storm surge. As a solution of the linearized storm surge prediction equation, one gets
(5.8)
where h is the storm surge amplitude at location (xo,Yo) at time t, ~t is the time step, with i as
number of time steps between the time of observation and the time t, j is the index identifying the
observation station, k means an index which characterizes the nature of the observation and
Fj,k (t-i*~t) is a meteorological factor of type k from station j at time t-~t.
The factors

ai,~k(Xa.Yo)

are coefficients of this regression type that depend on xo,yo,i,j,k and

h.
A very important requirement is that the observation stations are fixed and that the same
time lag pattern is used. The "stations" may be real observation stations or grid points.
Two examples of regression methods of surge prediction are now presented.
examples will be given in Chapter 6.
A)

Other

At Belle River on Lake St. Clair, the surge height S can be calculated from:
S = 0.0189 + 0.0007511 *V 2
+ 0.0000149 * (TA - TwL, * V 2

-

0.0000446

*

(TA - Tw)o

*

V2

+

where S is the surge in feet from mean water level, V 2 is the component of effective
wind speed in the north-south direction and (TA-Tw) are the air-water temperature
differences at 0 and 1-h lag times.
There exist rather more complicated regressions for surge calculations on the Great Lakes,
using the pressure forecast at the grid points of the NMC primitive-equation model.
B)

On the coastline of the southern North Sea and the German Bight, it is known that the
astronomical tide progresses anticlockwise and that the North Sea storm tides and surges
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(A) serves as an input gauge for the forecast gauge Cuxhaven (B) in Fig. 5.2.
Using data on historical storm surges during the last 50 years or so, the following relation
can be developed:

=

HB

1.2 * HA + llV + llR + 80 cm

where HA and HB are the surges at location A and B, IIV and llR are the contributions
from wind speed and direction for the surge build up, as shown in Fig. 5.3.

5.3

Analytical methods

As mentioned above, analytical methods have been applied in recent years using
numerical calculations to improve on earlier empirical techniques of storm surge prediction.
Furthermore, analytical methods are now sometimes applied to studies of the general physics of
the surge problem.
Following Proudman (1954), assume a rectangular basin with uniform depth and a
homogenous water column. It is assumed that there is no Coriolis force and we ignore nonlinear
advective terms. The boundaries of the basin are x = 0 and x = TT/X. 0 is the uniform depth of
the basin and u is the horizontal current component. g is the gravity, p the density of the water
and h is the deviat.ion of the water from a given equilibrium. Wind and atmospheric pressure fields
affect the surface z = 0 of the basin with a constant forcing function at t = O.
The imposed wind stress can be written as:
Ts/p

=V*

au/az

= gOW sin

(X*)

Ts is the friction per unit area of the wind on the sea surface, v is a coefficient of eddy viscosity.

The atmospheric pressure field PA at the surface can be written as:
PA

= const.

+ g*p/X * P * cos (X*x)

(5.10)

with Wand P as constant
When we define

(5.11 )
(a is called by Platzman (1963) the Proudman number)

we get as the water elevation h due to wind stress and atmospheric pressure gradient neglecting
the current at the lower boundary (u = 0 at z = -0)

~

II

I

- 81 (5.12)

where As isa root of

= A112

tan (A 112)

+ aA5/2
(5.13)

with

2Pa
Cs

+

2W [

sec (A 1/2)
s

-

A/

1

]

= -----------tan (A

1/2)
S]2 -

[

5'a

As
If the water level change happens as a result of atmospheric pressure only, then W = O.
After Proudman and Doodson (1924), the numerically evaluated h from eq. 5.12 for W = 0 and
a = 0.0615 is equal to :
h == H cos <Xx) [1 - 1.062 e- 1 .272 N,1D2 cos (3.435 Nt/D 2

-

19.2°)

+ 0.003 e-22 N,1D2 + ..... ]
with H

=- P/X
For a storm surge produced by wind only, P = 0 and h is found as:
h

=

H cos (Xx) [1 - 1.075 e- 1 .272 N,1D2 cos (3.435 Nt/D 2

- 0.009 e-22 N,1D2
with H

-

22.8°)

+ ..... ]

= - 3/2 W/X

Both solutions for h converge to h

-> H cos <Xx) for t ->

00,

where H is different in both cases.

Other analytical estimations are evaluated, for example, by Charnock and Crease <1957).
5.4

Numerical methods

In Chapter 2, equation 2.1, we described sea level change as the sum of tidal variations and
meteorological surge components. In reality, it is a very complex sum of several incidental regional
effects whose interactions cannot be completely considered with statistical methods. With
hydrodynamic, numerical techniques, on the other hand, it should be possible to produce more
accurate predictions of storm surge. This chapter presents an overview of the general structure
of such a model, used in the German Hydrographic Service.

I

- 82Two 2-dimensional hydrodynamic, numerical models are used. The first is a fine mesh
model, with an average horizontal grid mesh of 20 km, which represents the complex topography
of the North Sea and the German Bight relatively well. A further model with a larger mesh size
is used for the northeastern North Atlantic, to provide boundary values in cases of external surges.
Fig. 5.4 and Fig. 5.5 show the grid mesh in the North Sea and the topography.

I
I
..

I'
I

Using the Navier-Stokes equations and the continuity equation, we can obtain a set of
prognostic equations for the horizontal fluxes U in the x-direction and V in the y-direction.
~

If U =

~

f u dz

and V =

-h

f v dz

-h

and integrating with respect to z from the sea bottom to the surface a set of equations for U and
V can be developed.
The equation of the time variation of U is given as

aUlat

= - 1I(h +~) * { alax (U 2 )

A similar equation is found for

+ alay (UV)} + g- V

avlat

The vertical changes are given by
a~/at

= - aUlax - avlay

At the open boundaries of the model the sea level is generally represented as a function of tidal
and meteorological effects.
~

= ~(x,y,t) =

~T (x,y,t)

+

~ (x,y,t)

Where ~M stands for the meteorological forcing function and ~T means the tidal forcing.
At the western and northern open boundaries of the North Sea model, the condition for ~ is:
~T (x,y,t)

= A(x,y) *

cos (at - 6)

At the eastern boundaries and relating to the Atlantic model, ~T (x,y,t) = 0
A(x,y) means the amplitude of the M 2-tide, a = 2rr/44700 S·l is the angular velocity of the M 2 -tide
and
stands for the phase of high water at a specific point with respect to the moon's transit
through the Greenwich meridian.

e

I'

I
I
I

Because of the non-linear interaction between tides and surges (Davies and Flather,
1977), the tidal influence has to be considerd in a numerical model. However, it seems to be
adequate to implement the M 2-tide as the most important one for interaction.

I
.

I

- 83 The forecast pressure gradients and the wind components of the Europe Model
(Chapter 3.4) are used as meteorological data every time step.
A comparison between a forecast and observed storm surge is presented in Fig. 5.6. The
results show good agreement.

CHAPTER 6

APPLIED TECHNIQUES OF STORM SURGE PREDICTION

In this chapter, some examples are given of storm surge prediction techniques which are
in operational use. Many countries with coastal areas affected by storm surges produce forecasts
and warnings of surges, most often using statistical regression methods though recently numerical
approaches are becomi~g common. The examples given below cannot, of necessity, include all
current operational methods but are intended as a representative sample.
6.1

Forecasting extratropical storm surges for the northeastern coast of the United States

Empirical forecast equations have been derived for 10 locations from Portland, Maine to
Norfolk, Virginia, based on data from 68 storms that occured from 1965 through 1969. Forecast
sea level pressure values from the U.S. NMC model are used as input. Manual correction, or
manual data input, is also possible from other sources. Sea level pressure values are related to
their respective NMC grid-point numbers at different times. For example, P(41)t means sea level
pressure at grid point no. 41 at time t.
A storm surge forecast message is displayed in Fig. 6.1 with the forecast heights
calculated in feet.
The regression functions to calculate the surge hight in Boston and New York are given
as:
SBos = 48.31

+ 0.1115 P(41)t + 0.01382 P(12)t - 0.03098 P(33)t

- 0.00875 P(16)t

+ 0.04640 P(18)t - 0.04349 P(32)t

- 0.03541 P(34)t

SNY

= 24.29 - 0.00071

P(47)t_6

+ 0.02546 P(17)t_6

- 0.05385 P(42)t_6 - 0.03172 P(30)t_6 + 0.05347 P(24)t_6
- 0.09671 P(39)t_6

+ 0.05530 P(32)t_6 + 0.02568 P(45)t

It should be noted that the U.S. National Weather Service has also developed a hurricane
storm surge model called SLOSH (Sea, Lake and Overland Surges from Hurricanes) which is
two-dimensional in space, covering the continental shelf, inland water bodies and terrain. For the
Mississipi Delta, SLOSH is coupled with a one-dimensional hydrodynamic model called DWOPER.
6.2

Forecasting extratropical storm surges for the Atlantic Region of Canada

The Maritimes Weather Centre and the Newfoundland Weather Centre, in eastern Canada,
currently forecast storm surge events by means of empirical methods. Their statistical techniques
use stepwise linear multiple regression where the coefficients are determined for:

•

I

- 85 surface pressure;
pressure differences between stations;
wind speeds, wind components and geostrophic wind components;
onshore/offshore wind stress;
longshore wind stress;
wave setup;
speed of travel of the storm;
local bathymetry and topography.
Two types of regression equations are used:
one based on peak surge values only; and
one based on six-hour samples during the course of several storms.
Some numerical storm surge prediction experiments are also underway, focussed on the
Newfoundland and Nova Scotia coasts.
6.3

Forecasting extratropical storm surges for the east coast of the United Kingdom

Stormsurges on the east coast of the United Kingdom travel from north to south. The
tide gauges at Stornoway, Wick and Aberdeen serve as reference indicators of a storm surge. The
east coast is subdivided into 5 divisions with one gauge in each division (Fig. 6.2). Although
numerical models are in operation, statistical-empirical techniques are used to finalise the forecast
results.
The surge-residuum ~S (highest high water - mean high water) in meters, valid for North
Shields (in division 1) is found as:

~SNorth Shields

=

O. 75 ~SWlCk{t-4)

+ 0.003 V 320Fair Isle{t-ll)

°

with V32 Fair lsle{t_ll) as the 320 0 component of the surface wind at Fair Isle and V g30{Scotl._Norw.Ht_6) as
the 30 0 component of the geostrophic wind between Scotland and southern Norway.
6.4

Forecasting extratropical storm surges for the western Schelde and the Dutch coast

Following the severe storm event of February 1, 1953, intensive analysis was carried out
into the characteristics of different storm surge types and into the interaction between tides and
surges inside the Schelde delta and on the Dutch coast. Today, complex numerical models are
in use which incorporate the influences of tides, currents, meteorological effects, wind stresses
and the environmental conditions when the surge barriers in the delta are closed. In addition to
these numerical models, statistical techniques exist based on empirical estimates, such as the
following.
The highest high water in Antwerp is calculated as
HHWAntw = !T (VOostande (t-2 ->HHW)

+

~ (MHWAntw .

-

MHWQos)

+ V(dd,ff))

where V(dd,ff) means the wind according to direction and force off the coast.

- 86The Dutch "Konklijk Nederlands Meteorologisch Instituut" (KNMI) publishes forecasts of
high water levels caused by meteorological influences. Warnings of surges are issued following
calculation of the surge heights at Vlissingen, Hoek van Holland, Den Helder, Harlingen and Delfzijl.
The forecasts of the surge heights can be calculated by statistical correlations between the highest
high water (HHW) at several locations such as on the Belgian coast.
6.5

Forecasting extratropical storm surges for the inner German Bight and the Elbe Mouth

The German Hydrographic Service (BSH) is legally responsible for calculating daily
forecasts of the water level situation for German inshore areas and for the navigation routes to
ports in the estuaries.' These are combined tidal and surge forecasts. Actual and forecast
meteorological data are available for their calculation from the German Weather Service (DWD) and
from tidal gauges round the southern and western North Sea.
A numerical model (see chapter 5.4) is in operation but the results are controlled by
plotting the regular tidal curve, the water level curve as influenced by wind stress and the tidal
curves of stations at the English east coast, as well as the interaction of these effects.
Parameters of the statistical regression methods are:
actual and forecast wind direction and wind velocity in the German Bight in offshore;
static atmospheric pressure;
3-hour pressure change, possibly affecting an external surge;
water temperature and temperature differences (TA- Tw).
The wind induced rise in the water level in Cuxhaven (Elbe mouth) is seen in Fig. 6.2.
A special warning service is operated through the City of Hamburg (WADI). In general,
wind and tidal gauge measu~ements at Borkum (see chapter 5.2, Fig. 5.3) are used as basic data
for the development of the surge in the Elbe mouth. This surge curve is then used as input data
for a one-dimensional Elbe model. The calculation for the surge at the Elbe mouth is updated
every half hour and entered into the Elbe model.
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