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Abstract

The European Coupled Atmosphere Wave Ocean model ECAWOM and its application to a

North Sea storm are described. The model was integrated for the 1month period of February

1993. Preliminary analysis of the results suggest that the model is capable of reproducing the

basic features of the atmospheric, the wave, and the surge characteristics for this 1month

period. However, further analysis and integrations are needed to fully assess the skill of the

developed model, its potential for long term integrations, and the impact of sea state dependent

air-sea fluxes on the atmospheric and the oceanic circulation.

1. Intr oduction

The dynamical evolution of the atmospheric and the oceanic circulation is strongly influenced

by the presence of property fluxes at the air-sea interface such as the momentum flux, the heat

flux, or the freshwater flux. Several studies show that these fluxes are sea state dependent (e.g.

Janssen, 1989, 1991, Chalikov and Makin, 1991, Makin, 1996). Especially the impact of

waves on the momentum transfer at the sea surface was studied intensively in recent years

although opinions about the significance of the effects on the atmospheric circulation differ

(e.g. Weber, 1994, Janssen and Viterbo, 1996). It is, however, generally agreed that there is an

increasing effect of waves on the momentum flux from larger to smaller spatial scales.

Another way in which the ocean circulation may be influenced by the presence of waves is

known as wave-current interaction. A wind event which causes surface gravity waves would

also generate a storm surge and vice versa. Their generation is thus closely related and there

are several known mechanisms by means of which the mean flow or the water level associated

with tide and surge and the waves can interact. In very shallow water, where the prediction of

waves, surges, and tides is essential for coastal protection, the influence of these interactions

may be substantial (e.g. Wolf et al., 1988). Presently there exists a number of highly sophisti-

cated coupled wave-ocean models which account for these effects (e.g. Flather et al., 1991).

However, the region which is usually covered by these models is much smaller than the scale

on which global or nearly global models are considered to be skilful (“skilful scale”). The skil-

ful scale is typically on the order of a few grid points (von Storch, 1995). It is thus impossible

to drive small-scale models directly with boundary conditions obtained from large-scale (glo-

bal) models. Additionally the large-scale models are often uncoupled, so that assumptions for

the lateral boundaries of the other model components have to be made.
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The limited area coupled atmosphere-wave-ocean model (ECAWOM - European Coupled

Atmosphere Wave Ocean Model) was developed and set-up to derive user-oriented scale infor-

mation from large-scale boundaries, simultaneously for the atmosphere, the wave field, and

the ocean. In this sense, the model fits into the dynamic downscaling approach (Giorgi and

Mearns, 1991), in which higher-resolution numerical models are nested into coarser-resolution

models or are driven by boundary information obtained from the large-scale model. Since

high-resolution limited area models contain high-resolution information, e.g. about the

regional topography, they are able to simulate the regional circulation much more faithfully.

The chain of numerical weather forecast models used by national weather services can be seen

from the view of dynamical downscaling, similarly as the so-called time-slice experiments, in

which high-resolution atmosphere models are forced by boundary conditions simulated in a

low-resolution model. With ECAWOM dynamical downscaling is applied simultaneously to

the atmosphere, the waves, and the ocean.

It is the objective of ECAWOM to fill the gap between the large-scale uncoupled atmosphere

and the small-scale wave-ocean models. ECAWOM is thus designed to operate on horizontal

grids of tens of kilometres and to cover regions of some 1000km, much larger than the skilful

scale of global or nearly global models. The output of ECAWOM is a consistent simultaneous

data set for the atmosphere, the waves and the ocean which can be used directly by the small-

scale models. Therefore, ECAWOM does not include all physical processes which are modi-

fied by the presence of waves, but only those which are important on the ECAWOM scale.

ECAWOM as it now exists is in a preliminary state and only a very limited number of tests

were performed so far. Further analysis and tests are needed to fully assess the skill of the

developed model and its potential for long term integrations. The purpose of the present paper

is to briefly describe the ECAWOM model and the results of a 1month hindcast of a stormy

period over the North Sea in February 1993. The paper is organized as follows. In Section2

the model and the physics of the processes at the air- sea interface are described. Technical

aspects such as exchange of information or boundary conditions are briefly discussed in

Section3. In Section4 we present first results of the analysis of the application of ECAWOM

to the North Sea storms of February 1993. In Section5 the results are summarized and future

plans are presented.
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2. Concept of ECAWOM

2.1. Short description of ECAWOM modules

As a coupled atmosphere-wave-ocean model, ECAWOM consists of three independent mod-

els, namely an atmosphere model, a wave model, and an ocean model. We hereafter refer to

these models as modules. The coupling interface is also denoted as a module, and contains the

physics of the air-sea interaction and partially those of the wave-current interaction. We also

use the terminology “module” to refer to different physics packages available for the atmos-

phere model.

ECAWOM is programmed in a modular structure with the objective of making the replace-

ment or addition of modules as easy as possible. The principal layout can be inferred from

Figure 1. There are the two alternative atmosphere modules HIRLAM and HIRHAM, the

wave module WAM, and the ocean module PCM-HAMSOM. They are connected via a cou-

pling module which is responsible for the transformation, the re-scaling, and the exchange of

information among the atmosphere, the waves, and the ocean.

Coupling
module

HIRHAMHIRLAM

WAM

PCM-HAMSOM

Figure 1: Sketch of the ECAWOM principal structure.
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2.1.1. The HIRLAM and HIRHAM modules

The HIgh Resolution Limited Area Model (HIRLAM) is used as the atmospheric module in

ECAWOM. We used the version of the Max-Planck-Institut für Meteorologie in Hamburg

(MPIfM) which additionally includes a more sophisticated physics package (HIRHAM, HIgh

Resolution limited-area model with HAMburg physics package). This package was especially

designed for long-term climate integrations. It is identical to that used in the global general cir-

culation model ECHAM (DKRZ Modelling Group, 1993). The HIRLAM and the HIRHAM

physics can be used alternatively. However, tests were performed only for the HIRLAM mod-

ule, and coupling of the numerically more expensive HIRHAM module has not yet been com-

pleted.

The HIRLAM forecasting system is a limited-area, primitive equation model which uses a

grid-point representation with second-order difference approximations for the spatial deriva-

tives. It was designed as a short-range weather forecasting system and is based on the hydro-

static approximation. The prognostic variables are horizontal wind, temperature, specific

humidity, and surface pressure. Over land, surface temperature, surface wetness, and snow

depth are also predicted.

Horizontally HIRLAM is formulated on an ARAKAWA C-grid (Arakawa and Lamb, 1977) in

a rotated spherical coordinate system. The vertical coordinate is a general terrain-following

hybrid coordinate, which near the surface is pressure normalized by surface pressure , and

approaches pressure with increasing height (Simmons and Burridge, 1981).

The forecasting system was originally developed as a cooperative project between several

European meteorological institutes. As a limited-area model the HIRLAM system is intended

for use with lateral boundary conditions from a global model such as the ECMWF forecasting

system. It is also possible to run a sequence of HIRLAM systems nested within one other, but

informations are transferred only from the larger to the smaller area. Details on the model

physics and dynamics can be found in Källén (1996).

The HIRHAM limited-area model was developed from the HIRLAM system in order to facili-

tate long-term climate runs with boundaries from the ECHAM (DKRZ Modelling Group,

1993) global climate model. Thus the HIRLAM physics package has been replaced by that of

the ECHAM3 model (Christensen and Maijgaard, 1992). A detailed description of the adia-

batic part of HIRHAM can be found in the HIRLAM documentation manual (Källén, 1996)

σ( )
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and that of the physical parameterizations in the DKRZ ECHAM3 documentation manual

(DKRZ Modelling Group, 1993).

2.1.2. The WAM module

In ECAWOM we use the third generation wave model WAM (WAMDI, 1988) to calculate the

wave state. In contrast to first and second generation models, the third generation model WAM

introduces no ad hoc assumptions on the spectral shape. The WAM model describes the evolu-

tion of a two-dimensional ocean wave spectrum and computes the 2-d wave variance spectrum

through integration of the transport equation

(1)

where  is the wave spectrum,  the frequency and  the direction of a wave compo-

nent.  is the group velocity with . The terms on the right hand side of (1)

denote the source functions. They represent the wind input , the dissipation due to

whitecapping , the bottom dissipation , and the non-linear wave-wave interac-

tion .

The wind input term was adopted from Snyder et al. (1981) with a scaling with friction veloc-

ity . Wind input and dissipation terms of the present cycle are a further development based

on Janssen’s quasi-linear theory of wind-wave generation (Janssen, 1989, 1991).

The sea surface waves extract momentum from the air flow, therefore, the stress in the surface

layer depends both on the wind speed and the wave-induced stress . The growth rate  of

the waves is then determined by the friction velocity  and the roughness length.

The wind input term is given by

(2)

For a logarithmic wind profile,  depends only on two parameters (Miles, 1957), namely

(3)
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(4)

where  is the friction velocity,  the direction in which the waves propagate,  the wind

direction,  the phase speed of the waves and  the roughness length. Thus, through the

growth rate depends on the roughness, which in turn depends on the sea state. The growth rate,

normalized by angular frequency , is given by

(5)

with  the van Carman constant,  a constant and  is the dimensionless crit-

ical height with  the wave number and  the critical height defined by .

The roughness  and the friction velocity follow from the theory of Janssen (1991) which is

briefly described in Section 2.1.4.1. In this theory the wave-induced stress  is required. It

follows from the conservation of momentum by

(6)

and closes the set of equations. For details we refer to the WAM manual (Günther et al., 1992)

and to the Section 2.1.4.1. of the present paper. A comprehensive description may be found in

Komen et al. (1994) or in WAMDI (1988).

2.1.3. The PCM-HAMSOM module

The HAMburg Shelf Ocean Model (HAMSOM) in the version of Programa de Clima

Marítimo (PCM-HAMSOM) is used as the ocean model in ECAWOM. PCM-HAMSOM is a

three-dimensional baroclinic primitive equation model. The basic frame is the model

described in Backhaus (1983) and Backhaus (1985). It was further developed by PCM, and

within ECAWOM we use the version described by Alvarez (1995).

The prognostic variables are the horizontal velocity components, temperature, salinity and sea

surface elevation. A number of quantities are derived diagnostically. The hydrostatic approxi-

mation is applied, balancing the vertical pressure gradient and the acceleration of gravity.

Water is treated as an incompressible fluid. The Boussinesq approximation is taken; it states

that if changes in density are small, they will be considered only in the buoyancy term and will

Ω
gz0
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be neglected elsewhere.

The model uses finite differences to compute the spatial gradients. A semi-implicit scheme is

used to compute the time derivatives at a number of layers. The model may be run either in a

barotropic or in a full baroclinic mode, taking temperature and salinity changes and their

advection into account.

The UNESCO (1983) formulae is used to compute the density. The model is formulated on an

ARAKAWA C-grid in cartesian coordinates. For the purposes of ECAWOM it was trans-

formed to rotated spherical coordinates.

A number of options exist to apply different parameterizations for a number of processes, such

as e.g. the Richardson scheme or the Kochergin scheme for turbulent eddy viscosity. Details

about the HAMSOM model can be found for instance in Backhaus (1983, 1985), Alvarez

(1995), or Rodriguez (1996). A very detailed description of the numerics is given in Huang

(1995).

2.1.4. The Coupling module

The presence of waves modifies the fluxes at the air-sea interface, such as the momentum flux,

the heat flux, the moisture flux, the flux of CO2, etc. Furthermore, there is interaction among

waves, surges, currents and tides.

For an overview and a detailed description of these processes we refer to Wolf et al. (1988)

and to Mastenbroek and Christopoulos (1995). In this paper we will denote only those proc-

esses which are relevant at ECAWOM scales and which were introduced into the coupling

module. These processes are discussed in detail in the following section.

2.1.4.1. The momentum flux

The momentum flux was parameterized according to Janssen (1989, 1991). If we neglect the

impact of viscosity and assume the wind to be constant in time and space, the momentum bal-

ance equation reduces to

(7)

where  denotes the total momentum flux and the vertical coordinate. The total momentum

z∂
∂τ 0=

τ z
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flux can be broken into a turbulent part  and a wave-induced part

(8)

The turbulent part of the stress is usually parameterized by means of a mixing length hypothe-

sis

(9)

where  is the density of air,  the van Carman constant and  the wind speed at

height .

Wave-independent stress.The wave-induced part of the stress is usually neglected when cou-

pling atmosphere and ocean models, and it is assumed that the ocean gains all momentum lost

by the atmosphere. Since the ocean receives momentum at much lower (current) speeds than is

provided by the atmosphere, the waves gain energy, but no momentum. Neglecting the wave-

induced stress in (8), integration of (7) by means of (9) yields

(10)

which is known as the logarithmic wind profile.  is the so-called friction

velocity, and the integration constant , known as the roughness length, is usually parameter-

ized by

(11)

Equation (11) is called the Charnock relation and was derived by Charnock (1955) on dimen-

sional reasons. If the Charnock parameter is given, an implicit relation between wind stress

and wind speed at a certain height is found. In that case, the drag coefficient  is fully deter-

mined by the roughness length

(12)
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Wave-dependent stress.There exist different consistent theories of wind-wave coupling (e.g.

Chalikov and Makin (1991) and Makin (1995) or Janssen (1989, 1991)). Here we will discuss

only the theory of Janssen (1989, 1991), which was incorporated into ECWAOM.

Janssen (1991) assumes that the velocity profile is modified by the presence of waves so that

the wind speed  at height  can be written as

(13)

It can be shown that, if this velocity profile holds true, the effective roughness  is given by

(14)

For the roughness length , Janssen assumes a background Charnock relation to be valid

(15)

and the background Charnock parameter is tuned such that =  for old wind sea. Thus,

the wind stress is enhanced in Janssen’s model if  approaches one, but behaves accord-

ing to Charnock if  is small.

In ECAWOM equations (14) and (15) are used to compute the drag coefficient (12). To take

the stability of the atmospheric boundary layer into account, the drag is further modified by

analytical functions  depending on the Richardson number. These functions were pro-

posed by Louis (1979) and Louis et al. (1982), and are part of the HIRLAM physics package.

For details see Källén (1996).

2.1.4.2. The energy budget at the sea surface

The energy budget of the first ocean layer can be written as

(16)

where  denotes the specific heat at constant pressure, the density, and  the temperature

of the first ocean layer.  is the net flux of radiation at the surface,  the (direct) sensible
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heat flux which results from the difference in the temperature of the sea surface and the overly-

ing air,  the (indirect) latent heat flux which results mainly from evaporation at the sea sur-

face and later condensation within the atmosphere, the flux of energy into the subsurface

mainly due to heat conduction, and  the energy used for snow and ice melt at the rate

and for freezing of water at the rate

(17)

where  represents the heat of melt.

The term  is part of the ocean module and does not need to be considered in the coupling

module. Since sea ice is so far given by climatology, we also do not consider the term  and

neglect the contribution which might arise from the fact that ocean temperatures drop below

the freezing point. The term , the sum of incoming and outgoing, short- and longwave

radiation at a box at the sea surface, can be represented as

(18)

where  denotes the sea surface temperature, and  the dependency of  on a number

of atmospheric parameters, such as the radiation balance of the box above, the cloud cover,

etc. From (18) it can be inferred that the only non-atmospheric variable  depends on is

the sea surface temperature. In ECAWOM we use the sophisticated radiation scheme of HIR-

LAM to compute the radiation term. However, instead of the climatological , we use the

forecast by the ocean module to compute the radiation term.

Wave-independent case.Usually bulk formulas are applied to relate the sensible heat flux

 and the latent heat flux  to the measured variables at the surface and at a certain

height:

(19)
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(20)

Here  and  are the exchange coefficients for sensible and latent heat respectively, ana-

log to the drag coefficient in the parameterization of the momentum flux. is the wind speed,

 is the dry static energy,  is the specific humidity, and  denotes the specific

latent heat of evaporation. The subscripts and  denote the values at height and at the sur-

face. The surface drift velocity  is usually ignored.

By analogy with the derivation made in the previous section  and  can be expressed in

terms of “roughness lengths”  and , respectively

(21)

(22)

Thus the profiles yield

(23)

(24)

where  and  denote the equivalent to the friction velocity, i.e flux normalized by density.

Wave-dependent case.Measurements of sensible and latent heat flux give clear indications

that the exchange coefficients for heat and moisture are much less dependent on wind speed

and the sea state than is the drag coefficient (e.g. Makin, 1996). There is, however, a large scat-

ter within the data which obscures the actual dependencies. The most common parameteriza-

tion is to assign a constant value to the exchange coefficients (e.g. Pond et al., 1971, Smith,

1980, Smith, 1988, Large and Pond, 1982). Large and Pond (1982) argued that a constant

would be more appropriate than a constant parameterization, although the statistical

improvement of the fit to the data was not significant. From (21) it immediately follows, how-

ever, that such a choice does make a difference compared to the constant  parameteriza-
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tion. Since  is proportional to the square root of the drag coefficient,  would increase

by as much as 50% for high wind speeds compared with the constant parameterization.

Makin (1996) extensively reviewed experimental parameterizations and, because of these lim-

itations in the data sets, established a simple model to establish theoretical dependence of the

exchange coefficients on wind speed. He found that for the exchange of sensible heat at the sea

surface, there is no counterpart to the effective exchange mechanisms for momentum due to

the form drag. Momentum is to a large extent transported by the organized wave-induced

motions correlated with the waves, the form drag. Heat is transported only by viscosity. Makin

(1996) computed the exchange coefficients for heat from the wind speed and the sea state

using an approach which is based on the conservation of momentum and energy in the turbu-

lent boundary layer above sea waves. He found that  is virtually independent of wind

speed for winds between 3 and 10m/s. For winds within 10 to 20m/s  increased by

roughly 10%, which is less than is estimated by the constant parameterization. He con-

cluded that his theory favours the constant  parameterization rather than the constant

roughness. For practical purposes, Makin recommended for neutrally stable conditions

(25)

(26)

In ECAWOM we used the standard HIRLAM formulation to compute the exchange coeffi-

cients for sensible and latent heat, and thus the related part of the heat fluxes. The sea state

dependence enters these equations via the dependence of the drag on the sea state. The

exchange coefficients are modified by analytical functions of the Richardson number as pro-

posed by Louis (1979) and Louis et al. (1982) to account for the dependence of the exchange

coefficients on the stability of the atmospheric boundary layer. For details see Källén (1996).

2.1.4.3. The freshwater flux

So far the freshwater flux coupling has been implemented only rather sloppily. Since our main

goal was to run the model for periods of some weeks up to a month, we assumed that a good

representation of the freshwater flux is not crucial at these scales. Precipitation and evapora-

tion in the atmosphere module are determined as described in Källén (1996). The freshwater

Csh Csh

Csh

Csh

Csh

z0t

Csh

10
3
Csh 0.029 CD=

Clh 1.2Csh=
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fluxes necessary as boundary conditions for the sea surface salinities are computed by simply

restoring to the sea surface salinities of Levitus (1982) which were used to initialize the ocean

module. This kind of boundary condition is often used in long-term integrations of stand-alone

ocean models. We are, however, aware of the fact that this representation of the freshwater flux

is inconsistent and should not be applied for long-term integrations.

2.1.4.4. Other interactions among the modules

Sea surface pressure.Sea surface pressure computed by the atmosphere module is passed to

the ocean module to take into account the inverse barometric effect.

Wave-current interaction. A horizontal shear of currents may cause wave refraction. The

rate of change of wave direction  due to current gradients can be expressed by (Komen et al.,

1994)

(27)

Here  is the radius of the earth, and is the current velocity. The subscripts  and  denote

latitude and longitude, respectively.

If we consider waves propagating parallel to the north , equation (27) yields

(28)

If we suppose a northward current, decreasing in magnitude from the west to the east, the

change of wave direction in (28) becomes positive, indicating that waves will turn to the right.

The most dramatic effect occurs when waves are travelling against the currents. For suffi-

ciently large currents, wave propagation is prohibited and reflection occurs.

In ECAWOM the standard formalism of WAM is used to compute the current refraction of

waves. For details we refer to the WAM manual (Günther et al., 1992). In contrast to WAM, in

which constant current velocities are assumed and the refraction terms are computed in a pre-

processing step, ECAWOM re-computes the refraction terms after each ocean time step, when

new current velocities are available assuming slowly varying conditions with respect to the

time scale (wave period) and the space scale (wavelength). For the coupling we used the cur-

rent velocities of the uppermost ocean layer. Effects which are due to vertical gradients of the
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currents are neglected so far.

3. Some technical aspects of ECAWOM

ECAWOM operates on rotated spherical coordinates. HIRLAM and PCM-HAMSOM are for-

mulated on an Arakawa C-grid. The wave model is formulated on a non-staggered grid. The

location of the grid points in WAM is identical with the location of the scalar points in HIR-

LAM and PCM-HAMSOM.

As a limited-area model ECAWOM needs to be supplied with two types of boundary files,

such general files as topography, albedo, soil-moisture, initial temperature and salinity for the

ocean, etc., and lateral boundary conditions varying over time for the atmosphere, the wave

and the ocean module. We hence will refer to the first type of boundary files as climate files. A

set of routines is available to set-up the necessary climate files for the ECAWOM grid. Note,

that so far sea ice is also given by climatology, i.e. its distribution is contained in the climate

file and can be updated once a month at maximum. To do so, WAM has to be re-initialized.

For the time-dependent boundary files several options exist. They are briefly described below.

Lateral boundaries for HIRLAM. A simplified Davis relaxation technique (Kållberg and

Gibson, 1977) is used to relax the model’s dependent variables at  towards externally

specified time-dependent values within a narrow boundary relaxation zone. The model value

 is set to  at each grid point by

, (29)

where  are the prescribed time-dependent boundary values. The non-zero weights

decrease from almost one at the boundary to almost zero within a narrow (typically 8 grid

points) relaxation zone. HIRLAM includes powerful interpolation routines (Källén, 1996) so

that the input does not necessarily have to be on the same grid. So far there are interfaces avail-

able to force HIRLAM with ECMWF forecasts or analyses or output from the global MPIfM

climate model ECHAM.

Lateral boundaries for WAM. There are three options available. The first is simply to close

the basin. For some applications, such as for the Baltic Sea or for the Mediterranean Sea, this

t ∆t+

xi xni i

xni αi xBi 1 αi–( )xi+=

xBi αi
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might provide a reasonable approximation. Option two is a simple continuation of the spec-

trum at the boundaries. We set the boundary value of the spectrum to 90% of its inner point.

(30)

In this way an artificial fetch is created. This kind of boundary condition was proposed by

Burgers (1990) and is used in the wave forecasting system of KNMI (Koninklijk Nederlands

Meteorologisch Instituut). Hersbach (1996, pers. comm.) mentioned that there are good expe-

riences with this kind of boundary condition for the North Sea. The third, and by far the most

expensive, option is to perform a global or almost global (e.g. Atlantic) stand-alone run with

the wave model for the whole period forced by coarse-resolution global winds. This may be

important in cases in which swell might be present.

Lateral boundaries for PCM-HAMSOM. There is still much of ongoing discussion among

ocean modellers about lateral boundary conditions for limited-area ocean models. We adopted

a simple strategy suggested by Maier-Reimer (pers. comm., 1996) to provide ocean bounda-

ries. We chose a model area larger than the one we are finally interested in and which we want

to couple to the other modules. In this area the ocean is initialized by salinities and tempera-

tures from Levitus (1982). The area includes a realistic bathymetry, but is closed at the bound-

aries. To avoid reflection, a very strong restoring to the Levitus salinities and temperatures at

the two grid points closest to the boundary walls is preformed. This kind of boundary condi-

tion provides a quite reasonable circulation some grid points away from the walls (not shown).

The extra relaxation area was chosen so that the effects of boundaries are negligible in the cou-

pling area. We recommend an ocean model spin-up of a few months to dampen out initial

oscillations due to the inconsistency between the density (temperature and salinity) field and

the zero velocities at initialization.

The solution proposed above cannot be applied directly when tides should be included. Tides

are introduced in PCM-HAMSOM by prescribing the sea surface elevation due to tides at the

lateral boundaries. Since this is not possible when we have a closed basin, the strategy was

modified slightly. First an ocean model spin-up with closed boundaries and an extra relaxation

zone is performed. This run does not include tides. Sea surface elevation, temperature, and

salinity of this run are stored and then provided as boundary conditions to the coupled run. For

the coupled run we use an ocean area with open boundaries nested into the spin-up area. Here

FBoundary 0.9FBoundary 1–=
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tides are introduced as usually. A zero gradient boundary condition for the fluxes is applied at

the open boundaries.

Exchange of information at the model interface.Transfer of information has been made

safe by keeping the interface among the modules as small as possible. The basic concept is

that a module writes its essential information to the coupling module as soon as it was calcu-

lated. Information is stored, and if necessary physically transformed and rescaled within the

coupling module. If the modules ocean, waves or atmosphere need information from each

other, it is obtained by a simple call to the coupling module.

The time steps of the modules might vary considerably. It may, for instance, be necessary to

integrate the atmosphere module with two or five minute time steps, whereas the ocean could

be integrated with a 20 minute time step or more. It is not necessary to decrease the ocean time

step to the atmospheric one. The coupling module accumulates and averages the output of

uncoupled atmosphere time steps which in turn is later received by the ocean and the wave

modules. There are no constraints for the ratio of the module time steps, except that

(31)

Principally coupling takes place if

(32)

where  is the time step of the module (atmosphere, waves, ocean), and , , and

are the smallest positive integer numbers possible. Usually, one might choose

(33)

with

(34)

Here coupling takes place every  atmospheric time step.

N

∆tatmosphere ∆twaves ∆tocean≤ ≤

Na∆tatmosphere Nw∆twaves No∆tocean= =

∆tx x Na Nw No

∆tocean N∆twaves=

∆twaves M∆tatmosphere=

MN
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4. The North Sea February 1993 storm

4.1. Model set-up and spin-up

To perform first experiments and test runs the model was set-up for the North Sea and the

North East Atlantic (Figure 2). The horizontal resolution is roughly 18x18km for the North

Sea and 50x50km for the North East Atlantic. The time steps vary between 2minutes for the

atmosphere for the North Sea area and 20minutes for the ocean for the North East Atlantic

(Table 1).

We forced the stand alone-ocean module with 6hourly wind stresses, sea surface tempera-

tures, and sea level pressure as provided by ECMWF for roughly three month to allow the

baroclinic structure of the ocean model to adopt to the initial conditions. Because of missing

sub-surface temperatures and salinities this was also the best way to adopt the ocean module to

a quasi realistic state. At the end of the ocean spin-up we switched to the full coupled model

and restarted the ocean from the final state achieved during the spin-up. The coupled ECA-

WOM was integrated from February, 15th until March, 15th 1993. For the coupled simulation

Table 1: Model areas

Region Abbreviation
Approximate

horizontal resolution

Time steps
atmosphere/waves/

ocean

North East Atlantic KNM 50 x 50 km 5/20/20 min

North Sea NOS 18 x 18 km 2/12/12 min

a) b)

Figure 2: Land sea masks used in ECAWOM for the North East Atlantic (a), and the
North Sea (b).
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we used the boundary data from the ECMWF analysis archive for the atmosphere, the artificial

fetch condition for the waves (Section 3), and the results of the spin-up for the ocean. Climate

files were generated according to the description in Section 3.

4.2. Synoptic situation

A series of storms moved over the North Sea in February 1993. Prior to the development of

these storm systems, a calm high pressure situation was observed over Europe. The frontal

zone was located over the North East Atlantic (DWD, 1993). The situation started to change

towards more stormy weather on February 15th. The track of the cyclones was located over

the North Sea and was oriented in a west-east direction at first, thereafter tilting to the north-

west-southeast. Along this track a strong cyclone was moving with intensification over the

North Sea, on February 21st. Within this storm the observed wind speed exceeded more than

25m/s and the significant wave height reached a maximum nearby 10m at the wave buoy

NOC (Figure 7, 8). The waves were moving nearby southward with a period of roughly 12s

corresponding to a mean wave length of 250m and a phase velocity of roughly 20m/s (not

shown).

4.3. Results

4.3.1. Atmosphere.

The atmospheric situation was hindcast quite reasonably by ECAWOM (Figure 3-6). A high

pressure system is located west of the British Isles, and strong northwesterly winds can be

found over the entire North Sea region. From the sea level pressure it can be inferred that the

centre of the depression moved southeastward from the Norwegian Coast to the Southern Bal-

tic Sea within 18hours. The location of the cold front can be inferred from the strong humidity

gradients at the 700hPa geopotential surface. It was moving southwestward over the North

Sea region and reached the German coast around 00UTC on February, 21st. We compared

these results with daily weather charts published by the German National Weather Service

(DWD, 1993), and found a good agreement between the observed and the hindcast atmos-

pheric situation. This is further supported by the comparison of the wind speed measured at

10metres height at five buoys located in the North Sea with the ECAWOM results (Figure 8).

The locations of these buoys can be inferred from Figure 9.
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Figure 3: Synoptic situation as hindcast by
ECAWOM for February, 20th at 12UTC.
The upper panel shows the geopotential
height in decameter at the 500 and the
850hPa surface, the middle panel the sea
surface pressure in hPa and the temperature
at 850hPa in degree Celsius. The lower
panel represents the relative humidity at
700hPa.
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Figure 4: Synoptic situation as hindcast by
ECAWOM for February, 20th at 18UTC.
The upper panel shows the geopotential
height in decameter at the 500 and the
850hPa surface, the middle panel the sea
surface pressure in hPa and the temperature
at 850hPa in degree Celsius. The lower
panel represents the relative humidity at
700hPa.
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Figure 5: Synoptic situation as hindcast by
ECAWOM for February, 21st at 00UTC.
The upper panel shows the geopotential
height in decameter at the 500 and the
850hPa surface, the middle panel the sea
surface pressure in hPa and the temperature
at 850hPa in degree Celsius. The lower
panel represents the relative humidity at
700hPa.
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Figure 6: Synoptic situation as hindcast by
ECAWOM for February, 21st at 06UTC.
The upper panel shows the geopotential
height in decameter at the 500 and the
850hPa surface, the middle panel the sea
surface pressure in hPa and the temperature
at 850hPa in degree Celsius. The lower
panel represents the relative humidity at
700hPa.
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Figure 7: Significant wave height at 5 loca-
tions in the North Sea during the February
1993 storm as observed (dotted line) and
hindcast by ECAWOM (solid line). The
location of the buoys can be obtained from
Figure 9
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Figure 8: Wind speed at 10 metres height at
5 locations in the North Sea during the Feb-
ruary 1993 storm as observed (dotted line)
and hindcast by ECAWOM (solid line). The
location of the buoys can be obtained from
Figure 9
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4.3.2. Waves

We compared the observed wave heights at station NOC, AUK, K13, SON, and EUR and with

those computed by ECAWOM (Figure 7). There is a good agreement between the measured

and the modelled data. The difference between observations and model results at the begin-

ning of the time series is due to the fact that all WAM grid points were initialized with the

same JONSWAP spectrum (Hasselmann et al., 1973), independent of the local winds at the

initialization point. Thus, there is some time required to adopt the wave field to the local wind

field. From Figure 7 it can be inferred that this adoption took almost two days for NOC. The

observed wave heights at all other buoys were much closer to the JONSWAP spectrum, thus

there is almost no initialization period.

The general time development of the wave height is to a good degree of approximation hind-

cast by ECAWOM. Especially at NOC, the agreement between observed and modelled wave

heights is quite good. The model underestimates the wave height at AUK by roughly one

meter around February 21st; however, it overestimates the wave height at K13, SON and EUR.

The shape of the curve is reasonable for all buoys.

For the mean wave period a quite good agreement between the modelled and the observed data

is again found, although single values may vary considerably (Figure 10). Again the initializa-

tion period is most obvious for NOC.

NOC

AUK
K13 SON

EUR

Figure 9: Locations of the wave buoys NOC, AUK, K13, SON, and EUR.
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Figure 10: Mean wave period at 5 locations
in the North Sea during the February 1993
storm as observed (dotted line) and hindcast
by ECAWOM (solid line). The location of
the buoys can be obtained from Figure 9.
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At the peak of the storm at February 21st, 00UTC, the maximum significant wave height is found

northeast of Great Britain (Figure 11a). The highest waves do have periods of roughly 12seconds,

which corresponds to a wave length of roughly 250meters and a group velocity of 20m/s (Figure

11b). This is consistent with the results produced by the atmosphere module (Figure 5).

4.3.3. Ocean.

The surge at three locations along the British east coast can be seen in Figure 12. What imme-

diately follows is that there is a general agreement between the observed and the hindcast val-

ues. At Sheerness the ECAWOM model underestimates the main peak by roughly 70cm,

whereas the previous peak is hindcast well, although with a longer duration. The general

agreement between model and observations is less at Wick and Aberdeen. The surges at these

tide gauges are, however, within the range of 20 to 60centimetres compared to roughly

3 metres at Sheerness. Thus, the model seems to be able to reproduce relatively large surge at

a reasonable level of agreement.

For Wick and Aberdeen there is a constant shift between the observations and the model

results. Furthermore, both observed time series show a strong decrease between the end of

January, and the begin of February, which could not be found in the time series of Sheerness

(not shown). To check for possible reasons we re-ran the stand-alone ocean module forced

with 6 hourly wind stresses, sea level pressure and sea surface temperatures from January 1st.

a) b)

Figure 11: Significant wave height (a) and mean wave period (b) as hindcast by ECAWOM
for February, 21st at 00UTC.
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Figure 12: Sea surface elevation in meter at 3 tide gauges at the east coast of Great Britain
as observed and as hindcast by ECAWOM.
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However, the model failed to reproduce the strong decrease in the mean values at Wick and

Aberdeen. So far, we could not determine whether there is something missing in the model, or

if observations are disturbed. If we neglect the constant shift between observations and ECA-

WOM results at Wick and Aberdeen, the agreement is reasonable.

The sequence Wick, Aberdeen, and Sheerness can be considered as a kind of north-south cross

section along the British coast. We can thus interpret the phase shift between the maximum

surge at the three tide gauges. From Figure 12 it can be inferred that the surge is propagating

southwards. In the observations, the surge reaches Sheerness roughly 12hours after passing

Wick. In the model it took approximately 8hours. At the Dutch and the Danish coast the surge

is reasonably reproduced (not shown).

5. Summary

The European Coupled Atmosphere Wave Ocean model ECAWOM in its present set-up was

introduced and described. The model is intend to fill the gap between global or nearly global

large-scale and small-scale wave-ocean models and to provide consistent data sets simultane-

ously for the atmosphere, the waves and the ocean which may be used directly as boundary

conditions for small-scale models. Coupling processes between the atmosphere, the waves and

the ocean included in the model were reviewed and discussed.

To test the present model configuration initial experiments were carried out. The model was

set-up for the North Sea and integrated for the 1month period of February 1993. Preliminary

analysis of the results suggest that the model is capable of reproducing the basic features of the

atmospheric, the wave, and the surge characteristics for this 1month period. The experiments

are, however, relatively short and devoted to a single stormy period characterized by certain

meteorological and wave conditions. Thus, only limited conclusions can be drawn, especially,

as the quality of the results may vary as the meteorological and wave conditions change. A

number of sensitivity experiments is necessary to systematically investigate the performance

of the model for storms with different characteristics. For instance, a rapidly moving cyclone

may be associated with relatively young waves, whereas under a slowly moving depression the

waves may become fully developed under high wind conditions. A chain of depressions which

will not allow the winds to drop under a certain windspeed will result in surge that may last for

several days (e.g. February, 1990). The quality of ECAWOM hindcasts may vary under all

these conditions. A systematic analysis of such cases may provide further inside into the
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important coupling mechanisms and help to assess the quality of the model more precisely.

Another important topic which can not be assessed so far is the skill of the model for longer

integrations (years or longer). We argue, however, that for long-term integrations important

processes, as for instance the coupling of fresh water fluxes, are missing or lacking in the

model. To identify those first order processes which have to be included or modified to bring

the model into a good shape for long-term integrations a one year integration of the model in

its present set-up is planned. This also helps to assess such important features as the reproduc-

tion of the annual cycle or a possible model drift.

To evaluate the potential of ECAWOM to provide boundary conditions for small scale high-

resolution coastal wave-surge models Flather (1996, pers. comm.) forced the 2-d operational

surge model of the Proudman Oceanographic Laboratory (POL) (Flather et al., 1991) with the

meteorological forcing derived from ECAWOM and the atmosphere model of the UK Meteor-

ological Office (UKMO). He found that surges with ECAWOM input were only about half of

those with UKMO winds which agree with the observations. However, surges hindcast by

ECAWOM itself were not that bad (Figure 12). One explanation, among others, is that the

POL storm surge model is intended for use with UKMO boundary conditions. The winds are

provided at the lowest model level, for which a general terrain-following coordinate may vary

considerably in height, but is generally higher than 10metres. On the other hand ECAWOM

winds have been provided at 10metres height and were generally less than the UKMO winds,

thus leading to a considerable underestimation of the storm surges. Flather scaled up the ECA-

WOM winds by a factor of 1.2 and repeated the experiments. The storm surge hindcast by

ECAWOM was improved significantly. To fully evaluate this problem, it is planned to repeat

the run with the ECAWOM hindcast wind stresses instead of wind speeds and direction.
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