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At the Federal Maritime and Hydrographic Agency (Besamt fur Seeschiffahrt und Hydrographie)
(BSH), a new model version of a circulation modeluisder development which will use not only an
improved grid resolution but also a novel formuatiof the vertical co-ordinate. The three-dimenalon
baroclinic circulation model (BSHcmod) is an impattaomponent of the operational model system, which
has been running at the BSH for more than 20 years hmportant applications of the model systemthee
support of the BSH’s water level prediction servimeecasting of oil drift paths and pollutant disgien, as
well as water quality studies.

The circulation model simulates tidal, wind and signdriven motion in the entire North Sea and the
Baltic Sea region. Two nested and interactively ¢edigrids are used for the German Bight and theemest
Baltic Sea. The horizontal grid spacing of the n@nsion is 900 m in the nested areas, and apprkm B
the other parts of the North Sea and the Baltic. Wévéical grid resolution has been improved as waell
addition, a new type of vertical co-ordinate reprgation has been implemented which allows layer
thicknesses to be varied in time and space.

With regard to the performance of general circalatmodels in a more general context, the new
formulation provides a dynamic co-moving descriptiof stratification and its maintenance. Internal
dynamics are captured using weakly inclined flexilmo-ordinate surfaces. The formulation is of the
evolution type, and all common forms of verticginesentation are recovered as special examples.
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1. Introduction

An operational numerical model system models for German estuaries, which were developed
supporting various maritime services has been @ usn order to provide medium-range surge predictimns
at the BSH for many years now (Dick and Soetjethe BSH's water level prediction service. A new
1990, Dick et al., 2001). The model system is an inversion (v4) of the model system is currently being
house development of the BSH. Its main componentdeveloped which incorporates several improvements
are hydrodynamical models computing currentspver its predecessor, version 3. The most important
water levels, temperatures, salinities, and iceecav  alterations are an enhanced horizontal and vertical
the North Sea and the Baltic (BSH circulation modelgrid resolution, the introduction of a new vertica-
BSHcmod) and dispersion models to compute therdinate to the circulation models, and the
drift and dispersion of substances (Lagrangian andnmplementation of a coupled circulation and wave
Eulerian dispersion models, BSHdmod.L andmodel with a 3 nm grid spacing in the North Sea and
BSHdmod.E). The other components of the modethe Baltic. (Fig. 1)
system are a surge model (BSHsmod) and local
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Fig. 1. The BSH’s model system driven by moddlseo&erman Weather Service (DWD)
2. TheCirculation Model Germany. Heat exchange between the air and water is

computed by means of bulk formulae using DWD

The circulation models of the North Sea and thdorecast data. To simulate temperature and salinity
Baltic are three-dimensional and take into accounadvection, the model uses a conservative, shape-
meteorological conditions, tides, and external esrg preserving numerical scheme of low numerical
entering the North Sea from the Atlantic as well adiffusion (Kleine, 1993). As hydrodynamics is also
river runoff from the major rivers. Predictions fop  influenced by ice conditions in the North Sea amal t
to 84 hours are computed in daily routine runspaisi Baltic, an ice model has been integrated to siraulat
meteorological and wave forecasts supplied by théhe formation, melting, and drift of sea ice.
German Weather Service (DWD). Tidal forcing is In the BSH's North Sea and the Baltic Sea
calculated from the harmonic constants of 14 tidamodel, the hydrodynamic parameters are computed on
constituents. External surges entering the North Setwo nested and interactively coupled grid netsdGri
are computed by a model of the Northeast Atlanticspacing in the new model version 4 has been reduced
and are superimposed on tidal forcing. The newo approx. 900 m in the German Bight and the waster
version of the two-dimensional NE Atlantic model Baltic Sea, and approx. 5 km in the other areabef
has a grid spacing of about 10 km and is also tbrceNorth Sea and the Baltic Sea. Even bigger changes
by meteorological data provided by DWD. have been made to the vertical grid structure as

The circulation model simulates density drivencompared to the former version. Version 4 not only
(baroclinic) currents, which are of major importanc has a larger number of layers and a higher vertical
in the Baltic Sea. Current freshwater input datéhef resolution but also incorporates a new co-ordinate
most important rivers are provided by the Swedistsystem with weakly inclined flexible co-ordinate
Meteorological and Hydrological Institute (SMHI) surfaces. A detailed description of the improved
and the Federal Institute of Hydrology (BfG) in model will be provided in the following sections.
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Fig. 2. Model bathymetry and nesting of grid ndtsNE Atlantic (10 km), 2: North Sea + Baltic (5 kr@),German
Bight + western Baltic (900 m)
3. Novel Design of the Vertical Coordinate layer description which follows the vertical motioh

water masses as closely as reasonable. However, the

The new version of the BSH’s circulation model co-motion has to be limited in order to keep the
is based on a special co-ordinate representatitineas description of water masses from degenerating, an
basic building block. It has been developed in ptde effect typically observed in isopycnal models. The
improve the model’s effective numerical performance method is briefly described in the following. A reor

A recurrent experience is that the effectivethorough explanation has been provided by Kleine
resolution, used to capture flow features, is muck{2003).
lower than the resolution of the numerical grid. In order to gain sufficient flexibility, we will s
Common-type circulation models are prone tothe calculus of a co-ordinate system with arbitrary
numerical diffusion. The worst effects occur inrepresentation of the vertical. The pertinent
artificial vertical mixing, where the model's framework is found in Kasahara (1974), Johnson
stratification is systematically eroded or evemed. (1980), Burger & Riphagen (1990).
Expectations are often disappointed, and the medel’ A one-dimensional transformation is applied to
value often has been greatly reduced. The troubleeplace the vertical (heigh), by another variables,,
remains (to a considerable extent) even when a sevhose relation to height is required to be invdetib
called high-resolution scheme is used to calculatee. Jskbz be non-zero, saydsibz > 0. This
transport. This type of scheme has its own effectivtransformation may vary over the horizontal, sa tha
resolution and at best allows the degradation to bsurfaces on which the new vertical co-ordinate is
partly compensated. Besides, additional expenses aconstant need not be horizontal. Partial derivative
incurred due to its considerable computationawith respect to a horizontal dimension should be
requirements, which are of limited efficiency thbug understood to relate to such a non-horizontal sarfa

A different strategy to cope with the problem is Therefore, it is not just the vertical which iseaffed
addressed here which is at a level closer to it¢sro by the transformation, but the entire co-ordinate
We will deal with the co-ordinate representatiom an system. Besides, the co-ordinate transformation may
will try to find a physically appropriate descrigi  vary with time.
suitable for capturing water masses. To keep  The transformed vertical co-ordinate is known as
numerical diffusion due to \vertical transporta “generalised vertical co-ordinate”, as long as no
modelling as low as possible, we will try to find a other condition except invertibility is assumed to
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hold. The transformed system has the spatial cazonstitute a system of equations for thelution of
ordinatesx , y , ands (as vertical co-ordinate). Now, the vertical representation which may be solved for
compared to the above, consideirom the opposite the up-and-down velocity and the pseudo-vertical
point of view, i.efrom the perspective of the general velocity.

vertical co-ordinate systemHeight z then is a It is easily demonstrated that the suggested layer
function of &, vy, s, t), where time enters as another model comprises all common forms of vertical
independent variable. Furthermore, let, w be representation which are, firstly, height, secondly
conventional horizontal and vertical components okigma, eta (re-scaled height), and thirdly, makeria
velocity, respectively. Let us look at the vertical (isopycnal) surfaces, which are all covered asiapec

velocity asrepresented in thé, y, s, ¥ system limit cases. For the proof see Kleine (2003). Our
It reads implemented setting is intermediate in order to
achieve a reasonable compromise between co-motion
Lo Pz _oz v 20z and regularity. _ _ _
Dt 0t s s Q) To focus orvz/ds and its evolution, consider the

equation of continuity (for an incompressible fluid
In the context of a general vertical co-ordinate, i

where
V. -denotes the horizontakbla operator applied on takes the form of
a surface of constast 3 _ _‘ Lis
_ . _ _ —{w— vV z]+ V |[v—|=0
Interpreting this relation, we recognize the ds o I ds

Plug Eq.(2) into the continuity equation (3). The
result is an evolution equation for differentialéa
thickness, controlled by horizontal flow, vertical

horizontal vertically moving surfacesThese are, inicknessiz/ssin flux form, it reads
the vertical motion due to horizontal motion of the — | ==
vertical with respect to the rising or falling redace
velocity e . )
4 fectification, and horizontal smoothing.

components of vertical motion of an object seen
from the viewpoint of a general frame of non-  ag 4 prognostic equation for differential layer
firstly, the apparent motion of the object due he t
up-and-down motion of the reference level, secandly ) (0z 3 a9z )z
+ | s2E e Y [ vEE =0

object and inclination of the reference level and. az( ds 83{ 85] v 5( 8&]
thirdly, the relative motion due to motion alongeth ®3)
level. The latter component of vertical velocitgr@ss
the moving s surface, is calledpseudo-vertical

The above equation (1) provides a basic relatio
between the listed velocity components, and it $iold

true for any system with a generalised vertical co (1+ y),i(f)iJ+ d{‘){ L ]]+ Vv [;f)i, vV (‘)inz 0
ordinate. To characterise any special system, or dr\ds ) ds| ds{dz/ds |\ ds \ds
more relation is required. Here, no algebraic dqunat (4)

will be introduced but another relation between

pseudo-vertical velocity and up-and-down velocity, =~ To completely specify the evolution 6/js (as

cf. (Kleine, 2003) a spatially distributed and time-varying scalar

guantity), an initial-boundary value problem should

© 9= J= 9 1 be formulated. For a budget equation in flux form,
STVt ,)_[ 52/0 ] V.bv.,z) is natural to prescribe normal flux, i.e. the flow
g8 ( o8\ o=/0s component normal to the boundary. In our special
2 setting, the boundary conditions (for the co-orténa

evolution problem) are as of the eta (re-scaledttgi
This equation is to specify the flow-driven co- model, i.e., firstly, vanishing pseudo-vertical agity

ordinate surface motion. Non-negatively valued 'S,az/a s= 0
adjustable parametets'y, u, v) were chosen for the -/ °> ° atthe surface and bottom and, secondly,
equation. As regards dimensions, (is [1xed heightiziit =0 at the bottom.
nondimensional whilex and v are diffusion
coefficients n2/d. The terms associated withandv .
are used to regularise the co-ordinate surfacd: Model Setup and First Results
dynamics as they work to relax the configuration,
balancing the distortion caused by co-motion wiié t
flow. In the suggested equation, the pseudo-veértic
velocity is related to the up-and-down velocityté
co-ordinate surface, a vertical redistribution @sx;

In the horizontal, the model equations of
(,PSHcmod are defined for a computational grid of
spherical co-ordinates. Grid spacing in the German
Bight and the western Baltic Sea is approx. 900 m

: el : AN= 50"; Ap[1= 30"), and in the other parts of the
and horizontal diffusion-like smoothing. ( @ X <
Equation (1) is a statement of a physical fact'\l(zrg] Sea and the Baltic approx. 5 kith(= 5 '} Ag
while equation (2) is a specifying ansatz _b=3).

construction, essentially a model. In conjunctitey .Th_e entire model, of wh|ch the equation of
continuity is only one component, is formulatedhe
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(x,y,s) system. Layer thickness varies in space and Another equilibrating term used is horizontal
time, controlled by the transformation from (x,yt8) smoothing. The exchange coefficientis composed
(x,y,2). The vertical discretization is cast innerof  of another scaling velocity and grid spacing lenah
finite s (vertical integer index). Layering (numbefr  the “mixing length”, in particulan{, v,) = (v* R cos
stacked cells) in the water columns may be definedX, v* R Ap) wherev* denotes the scaling velocity
separately for each individual water column. referred to andR stands for the earth’s radius.

The finite counterpart of continuity equation (4) The new version of BSHcmod has been tested in
provides the vehicle which controls cell volume several sensitivity studies. Different simulatidresse

dynamics. In  the currently running been carried out - and are still going on - in orae
implementation, the widely variable and flexible adjust the quantitieqly, x, v). Finding suitable
setting has been specified to remain close t@ombinations of the quantities is a lengthy procedu
Mesinger’'s “step-mountain” coordinate, which which will have be continued in the near future. At
amounts toy low, p [relatively high, and' [as large the moment, we can only present preliminary results
as required. The quantity [Tmay be viewed as a of a special version using the parameter setting
diffusion coefficient. With the mixing-length comute  described above. In this configuration, variatiaris
in mind, it assigns both length and velocity scdtes layer thicknesses are due mostly to water level
each water parcel (mass element) in tkey( s) changes. This test version has been running in pre-
system. In each water column, the velocity scale isperational mode since February 2006.
introduced as a normalising constant while the tleng Figs. 3 and 4 show first computation results for
scale is allowed to vary (as a functionsgf When the salinities and currents in the western part ofBadic
flow diminishes, the vertical coupling term in (4) Sea, predicted for 30 March, 2006, 00:00 CET and 13
gives the model a tendency to relax to an equilibri  April, 2006, 00:00 CET, respectively. Although the
configuration. We will refer to this distributionfo model layers in this version have a considerably
thickness as the reference configuration. Thigeduced ability to follow the deformation of water
configuration may differ in different parts of the masses, baroclinic structures in the form of
model domain but should reflect the prevailingmeandering frontal structures, stratification, aoidly
hydrodynamic conditions as stratification or cutren formation are reproduced much better than with the
shear. In its present version, the BSH model uses jreceding (z-level) version. However, more
maximum of 30 layers. In areas with more intensivesensitivity studies will have to be carried outidgr
tidal mixing, bigger reference layer thicknesseseha the next few months in order to find suitable value
been defined than in areas with low tidal influerice  for 1y, x and v. In our view, the suggested method
the Baltic, the reference layer thickness of thetfl0  has considerable potential which should be fully
layers is 2 m each, increasing gradually toward thetilized
bottom.

Salinity (PSU)

Fig. 3. Computed surface salinities in the westerhiB&ea on 30.03.2006, 00:00 CET
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Fig. 4. Computed surface currents in the westerni@&ka on 13.04.2006, 00:00 CET
References
1. Adcroft, A. and J.-M Campin. Rescaled Height 70, 2002.

Coordinates for Accurate Representation of6.

Free-Surface Flows in Ocean Circulation
Models, Ocean Modelling 7,: 269-284, 2004.

Burger, A. P. and H. A. Riphagen. The Basic
Equations in Meteorological Dynamics — a

Reexamination of Unsimplified Forms for a 7.

General Vertical Coordinate, Beitr.
Atmosph. 63,: 151-164, 1990.

Dick S., K. C. Soetje. Ein operationelles

Phys.

Olausbreitungsmodell fiir die Deutsche Bucht.8.

Dt. hydrogr. Z., Erg. H. Reihe A, Nr. 16, 43 S.,
1990.

Dick, S., E. Kleine, S. H. Miuller-Navarra, H. 9.

Klein, H. Komo. The Operational Circulation
Model of BSH (BSHcmod) — Model Description
and Validation. Berichte des Bundesamtes fir
Seeschifffahrt und Hydrographie, Nr. 29, 49 p..,
2001.

Dick, S., S.H. Miller-Navarra. An Operational 10.

Oil Spill Model for the North Sea and the Baltic
- Model Features and Applications. Proceed. of

23

Griffies, S. M., C. Boning, F. O. Bryan, E. P.
Chassignet, R. Gerdes, H. Hasumi, A. Hirst, A.-
M. Treguier, and D. Webb. Developments in
Ocean Climate Modelling, Ocean Modelling 2,
123-192, 2000.

Johnson, D. R. A Generalized Transport
Equation for Use with Meteorological
Coordinate Systems, Mon. Wea Rev. 108,: 733-
745, 1980.

Kasahara, A. Various Vertical Co-ordinate
Systems Used for Numerical Weather
Prediction, Mon. Wea Rev. 102,: 509-522, 1974.
Kleine, E. Die Konzeption eines numerischen
Verfahrens fir die Advektionsgleichung -
Literaturiibersicht und Details der Methode im
operationellen Modell des BSH fuir Nordsee und
Ostsee, Techn. Ber. d. Bundesamtes f.
Seeschiffahrt u. Hydrographie, 106 S., 1993.
Kleine, E., S. Sklyar. Mathematical Features of
Hibler's Model of Large-Scale Sea_lce



S. Dick, E Kleine

Dynamics. Dt. Hydrogr. Z., Vol 47 No. 3,: 179
230, 1995.

Kleine, E. A Class of Hybrid Vertical Co-
ordinates for Ocean Circulation Modelling
Proceedings of the 6th HIROMB Scientifig
Workshop, St. Petersburg 2003, ISBN 5- 8681

11.

Stephan Dick, Federal Maritime and Hydrograph

Agency.

Address: Bernhard-Nocht-Str. 78
20359 Hamburg, Germany

E-mail  stephan.dick@bsh.de

132-0, pp 7-15, 2003.

12. Mesinger. F. A Blocking Technique for
Representation of Mountains in Atmospheri
Models, Rivista di Meteorologia Aeronautica
44,: 195-202, 1984.

Phillips, N. A. A Co-ordinate System having

some Special Advantages for Numerica

13.

Eckhard Kleine, Federal Maritime and Hydrograph

CAgency.

Address: Bernhard-Nocht-Str. 78
20359 Hamburg, Germany

E-mail eckhard.kleine@bsh.de

Forecasting, J. Meteor. 14:184-185, 1957.

Operatyvinio hidrodinaminio modelio BSH naujqji

versija

integruojant vertikaliasias koordinates

Stephan Dick, Eckhard Kleine

Federalire jary ir hidrografijos agendra, Vokietija

(gauta 2007 m. balandzioam; priimta spaudai 2007 m. rugje men.)

Siame straipsnyje apraSyta skaitmeninio modelio BSilja versija. Tai operatyvinis
hidrodinaminis modelis, aprasantis Sisuir Baltijos firy vandens lygj svyravimus ir ¢kmiy
strukfiras. Taip patjjgalima naudoti vandens koky studijose. Siame modelyje naudojama
naujoji vertikaliosiomis koordinainis paremta sistema. Pasirinkta modelio gaydgitema (10
km, 5 km ir 900 m) leidzia detaliai prognozuairy hidrodinaminio rezimo pokjus. Sukurta
4-0ji Sio modelio versija padidina skavimy efektyvum.
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