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Abstract

A 3-dimensional baroclinic model of the North Sea and theiB&ea,
designed for a daily operational use is described in defBlile model is
based on a similar model running in operational mode at then&e Fed-
eral Maritime and Hydrographic Agency (BSH) in Hamburg, @any. The
operational forecasts started in 1995 with a daily 24-howedast and was
later extended to 48 hours. The model is mainly forced by SsHp-
erational atmospheric model (HIRLAM), but also by river offnfrom an
operational hydrological model and wave radiation strems fa wind wave
model. The present version of the model is set up on a nesigavgere a
12 nautical mile (nm) grid covers the whole area while SkaeKattegat,
the Belt Sea and the Baltic Sea are covered with a 1 nm grid.réllpkized
version of the model has been developed and runs on a disudlilbbemory
parallel computer.
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1 Introduction

The use of numerical circulation models has a long tradiabrSMHI. From
the mid 70’s, baroclinic 3D models have been used preferablgonnection
with environmental-oriented problems like spreading df cooling water out-
lets from power plants and long-term spreading of radioractubstances, see
[Simons et al. 1977], [Vasseur et al. 1980], [Funkquist amth@en 1984] and
[Funkquist 1985]. Since the 70’s there have also been a nuaflmeore process-
oriented studies for the Baltic Sea with 3D models, e.g. [8isn1978],
[Kielmann 1981], [Lehmann 1995] and [Elken 1996].

However, it was not until 1991 that the first use of an operati@irculation
model started at SMHI with a vertical integrated model cowgethe Baltic Sea
with a resolution of 5 km and forced by daily weather foresastd in- and outflow
through the Danish Straits [Funkquist 1993]. Later, in 189%ree-dimensional
barotropic version of the POM model (Princeton Ocean Model
[Blumberg and Mellor 1987]), covering both the North Sea #mel Baltic Sea
with 6 vertical levels and a horizontal resolution of 10 knasaset in operational
use. With this model it was then possible to give a more ateumecast of
surface currents in all the Swedish coastal water.

At the same time, a fruitful cooperation with the German FabdMaritime
and Hydrographic Agency (BSH) started with the aim of a commperational
system for the North Sea and Baltic Sea region. BSH alreatyesi993 had a
fully operational model working for the North Sea/BalticaS8®gion including an
ice module and an interface to a operational wave model fi€l€B94]. In trans-
ferring the BSH model to a more general Baltic Sea model, thia modifications
of the model itself only composed of changing the time iraéign scheme and
the nesting from a configuration adapted to the German wadexrsnore general
one.

In connection with the cooperation that started with BSHurhter cooperation
with the aim of including all Baltic Sea nations was planndidwas called the
HIROMB project and it was stated that the main objectiveshef HIROMB co-

operation should be:

i) The model should constitute the basis for a common opeitgystem for
all states surrounding the Baltic Sea.

i) All states with a border to the Baltic Sea should be invitedh® HIROMB
project, and the member institute of each state should beiafgal by the rele-
vant ministry.

i) The model should be run at one place where access to a supautencould
be granted.

iv) The output from the operational run should be distribute@ditanembers of
the project.



v) Each participating state should contribute equally to theimenance and de-
velopment of the system.

The project got the acronym HIROMB, which stands for High&tetson Op-
erational Model for the Baltic Sea. At the first stage, Geryn@®@8H) and Sweden
(SMHI) were the only members and in 1999 three more countdesmark, Fin-
land and Poland) joined the project.

The first pre-operational runs started in summer 1995. Attitmee, the model
was run once daily on a vector-computer (Convex 3840) priodwac24-hour fore-
cast. In 1997, the model was transferred to a CRAY C90 pasiiEred memory
vector computer at the National Supercomputer Centre ind8meThis made it
possible to increase the forecast length to 48 hours, Buivéth only one simu-
lation a day. During 1997-99, the model code has succegdmsn parallelized
[Wilhelmsson and Schille 1998] and a special method oftparing the compu-
tational domain has been developed [Rantakokko 1997]. éd¢ent (1999), the
1 nm model runs on a distributed memory parallel CRAY T3E cotapin paral-
lel with a backup version on a SGI3800 computer.

The model output is archived and all members of the HIROMBgatchave
access to the complete data base via a ftp-server. A WEBw&ssideen set up for
real-time presentation of forecasts together with vaiahat
What is described in this report regarding model descmpdiod its configuration
applies to what was run 2003. However, since then a numbenpfavements
and modifications has been done for the whole system and nembers have
entered the cooperation.

2 Grid configuration

Basically, there are two factors that determine the modal.dfirstly, each project
member has their own interest area and though the main regioterest is the
Baltic Sea, countries like Sweden, Denmark and Germanytase interest in
the Kattegat, Skagerrak and the North Sea. Secondly, thelraoeh has an open
boundary to the Atlantic and there is no ultimate choice sflaication. Both
physical and computational aspects have to be taken intsidenmation, and this
has led to the following configuration (see also figure 1 abtetdl).

1. A storm surge model for the NE Atlantic. This model only supplies that
part of the water level at the boundary between the Atlantat the North
Sea that is driven by solely the meteorological forcing. Titial motion is
added as an open boundary condition, treated in a similaneras salinity
and temperature (see section 3.2).



grid No of points No of points incrementin incrementin

in W-E in S-N longitude latitude
NE Atlantic 52 46 40 24
HIROMB 12nm 105 88 20° 12’
HIROMB 3nm 294 253 5’ 3
HIROMB 1nm 752 735 1'40” 1

Table 1: Horizontal configuration of the HIROMB grids

2. A nested set of HIROMB modules with a resolution ranging froma
relatively coarse level for the North Sea down to 1 nautical nte for the
Skagerrak, Kattegat and the Baltic Sea. The 1 nm grid (see figure 2)
covers the entire Baltic Sea. Boundary values at the opetewelsorder at

10° E are provided by a coarser 3nm grid. This grid (see figure @¢rso
the waters east of°@e.

Figure 1. The 12, 3 and 1 nm grids for the 3D model incapsulayethe 24 nm
grid for the North-East Atlantic storm surge model.

3 Forcing

HIROMB requires input from both an atmospheric and a hydyigia model as
well as from an ocean wave model. This dependence on resuttsother models,
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Figure 2: The grid with 1 nm resolution covers the area fromadgkrak to the
Baltic Sea. There aré 126 607 active grid points of which 44 449 are surface
points. The maximum depth {80 m in Skagerrak and60 m in the Baltic Sea.

makes HIROMB sensitive to the security of the whole forepaetuction envi-
ronment at SMHI. It also has consequences on the delivesy ¢iithe HIROMB
forecast. However, having all three disciplines at the sarsgtute facilitates a
full control of the whole forecast system. In a future pectpe, there are plans
that the ocean and atmospheric models both will run in perale. in a two-way
coupled mode.

From 1999, the hydrological model runs in an operational enddchis means
that river runoff is available in real-time. The differemtréing components are
described in detail in the following subsections.

3.1 Atmospheric forcing

The atmospheric model [HIRLAM 1993] provides HIROMB witheskevel pres-
sure, wind at 10 m above surface, air temperature and spadadificdity at 2 m
above surface and total cloudiness. These parameterséuityol the momentum
and the thermodynamic balance between the sea surfaceaatiibsphere.
The momentum exchange is computed with a drag formula wineretag
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Figure 3: The&3 nm grid, to the left hag 54 894 active grid points of which9 073
are surface points. Thie nm grid, to the right, also covers the North Sea and has
9240 active grid points of whicl2 171 are surface points.

coefficient is computed by a linear relatio to the wind spdaeda height.
cp = 0.001 % (0.7 + 0.09 % Vu? + v?) (1)

wherew andwv is the wind velocity components im/s. Ignoring sea ice, the
radiation balance can be written as

Q=Qr+Qp+Qu+ Qg (2)

where@;, Qp,Qy and Qg stand for short-wave solar radiation, long-wave ra-
diation, sensible heat flux and latent heat flux respectivéihas been shown
[Omstedt and Rutgersson 1998] that the Baltic Sea is almogtarmodynamic
equilibrium with the atmosphere averaged over a year. Thi@ c@ntribution
comes from the incoming short-wave radiation which as aruahmean is in
balance with the heat loss terms.

According to [Shine 1984] we use the following formula foetkhort-wave

insolation.
82

Q= 05 1+ ) 1 0.046

where )y is the solar constant the sine of inclination of the sun above the
horizon according to

(1 - 0.6¢) 3)

s = max(sin ¢ sin d + cos ¢ cos § cos w, 0) (4)

whereg is the geographical latitudé declination angle of the sun andthe time
angle of the local meridianQ; is then calculated a§; = (1 — a)Q;, whereq is
the albedo of the water surface and is here séto according to [Payne 1972].
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The net long-wave radiation is computed with a formula from
[ldso and Jackson 1969].

Qp = co(TH(1 — 0.26exp(—7.7 % 10—4(1T—;( —273)%)(1 - 0.75¢%)) = T4 (5)
wheree is the emissivity of the water surface,the Stefan-Boltzmann constant,
T, water temperature], air temperatureg, the water vapour pressure in the
atmosphere andis the cloud coverage ranging froimo 1.

The sensible heat flux is driven by the temperature diffexrdretween water
and air and is expressed as (see [Liu et al. 1979])

QH = Cp, QacH(Ta - Ts)Wlo (6)

wherec,, is the specific heat of aig air density,cy diffusivity constant,T;, air
temperature], water temperature arid’;, wind velocity at 10 m height.
In an analoguos way, the latent heat flux may be written

Qe = LQaCE(Qa - QS)Wlo (7)

wherelL is the latent heat of evaporatios), air densityc, diffusivity constantg,
specific humidity at sea surfacg, specific humidity at 10 m height arid, the
wind velocity at10m height.

Please note that the thermodynamic forcing terms are depét the SST.
Therefore, the atmospheric heat flux cannot be computedverae, but is deter-
mined while HIROMB works. Those basic atmospheric pararsetdich one-
way drive the thermodynamics of HIROMB are air temperatimanidity and
cloud cover.

3.2 Open boundary forcing

HIROMB, more precisely the second model in the hierarchg,draopen bound-
ary to the North Atlantic. One part of this boundary line ramugh the British
Channel, the other makes a straight line between northertte®d and south-west
Norway. Along all that line, water level, salinity and temateire are prescribed
at each time step. As described earlier, boundary valuesit#ndevel come from
two sources. They are superposed by the results of a stoge suvdel for the
North Atlantic, which is void of tides, and a setup of 17 tidahstituents, speci-
fied for each individual boundary cell.

To supply HIROMB with inflow data of salinity and temperatwatits open
boundary, we only have climatological fields, month by monthorder to relax
their influence on the operational simulation, we have placsponge layer along
the boundary line. Its purpose is to act as a buffer betwesimtirer model domain
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and a "climatological reservoir” outside. We imagine thersge layer to be a filter
literally located in between interior and exterior. It isshed by the normal flow
component as computed next location to the boundary linat fldw either brings
a climatological signal or outflow from the interior into tsponge. When flow
direction is reversed from outward to inward, it returns tihavas filled with,
until, in sustained flow, its capacity is exhausted, and $ispa more and more of
the reservoir. Conversely, for outward flow, the sponge empnto the reservoir
which is thought to be of infinite capacity, i.e. does not mespto that input.
The performance of the sponge is a matter if its capacitys Tapacity should be
sufficiently large not to let the reservoir be felt in tidaveesions, but sufficiently
small to give an input effect for sustained inflow.

In principle, there are three different types of open bouiedan the model
system:

i) Open boundary between the 2D NE Atlantic storm surge modaland the

outer Atlantic
These boundaries are aligned with latitude and longitudeaaadiation condition
[Heaps 1974] is used. At the northern, western, southerneastern boundary
respectively, it reads

c(¢c—¢)—Hv=0
c(s—¢)+Hu=0 ®)
c(c—s)+Hv=0
c(s—g)—Hu=0

where H is the local deptl,= /g H the local phase velocity and aggthe water
elevation caused by the inverse barometric effect, i.ealetq%. Here,Pisthe

local current air pressuré’ the undisturbed (mean) air pressure arttie water
density.

i) Open boundary conditions for water level between the 3D INS&a/Baltic
Sea model and the 2D NE Atlantic storm surge model
The internally generated tides of the North Sea and the B8kia are neglible
because their volume is too small. As an example for the B88kia, the internal
tide-generated elevation is only a few centimeters. Thibsgdal forcing is sup-
plied at the open boundaries between the North Sea and thetistl A large set
of observational data available for this open boundary méKkeasible to specify
the surface elevation caused by 17 tidal constituents. ota ¢levation at the
boundary is the sum of the surface elevation from the tidethadstorm surge
generated elevations.

i) Open boundary between the different nested grids in the 3ihi$@a/Baltic
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Sea model

The coupling between the nested 3D grids is both of a one-wdyaatwo-way

type. For salinity and temperature, which are solved nuradly by using an ex-
plicit time-stepping, the coupling is of a two-way type. O tother hand, when
using implicit methods, a two-way coupling is more difficaltd for this reason
the coupling for variables solved implicitly, i.e. watevét and barotropic flow is
only one-way.

3.3 River runoff

A river runoff model [Graham 2000] covering the entire Baltirainage basin,
Skagerrak and Kattegat runs on an operational basis at SMi¢l hydrological

model produces as output, daily river runoff for 43 sub-hssif which 8 repre-
sents the Skagerrak-Kattegat area see figure 4. A furthsiaivof the runoff for

each sub-basin is made between the major rivers ending uipt @f 82 rivers.

Climatological monthly means of river runoff are used asko@af the hydrolog-

ical model has been out of operation for a week period or longable 3 gives
the annual means for 73 rivers.
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Figure 4: Catchment area for the Baltic Sea, Skagerrak atigda and the dis-
tribution of separate drainage basins (red lines) for whheiver runoff forecast
model is run. Also shown with thick black lines are the subthsfor a chemical
model. Major rivers are marked with blue lines.

4 Basic equations

4.1 Momentum balance and continuity

While the earth is best approximated by an ellipsoid, withgblar and equatorial
radius equal to about357 km and6378 km resp., it is most common to use a
spherical coordinate system. For the radius of the eartliseea valued371 £m)

of the polar radius which best represents a sphere with eqas$ as the earth.
The surfaces with equal radius are then thought of as gewjpatsurfaces, per-
pendicular to the gravity vector.
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The momentum equations expressed in spherical coordiasgesasily found
in standard text books (see e.g [Gill 1982]). If we negleetnmolecular mixing,
the equations may be expressed as

Du _ tang 1o o _ 11 dp

D T¢uv+ruw—2wbm¢v cho;qbw 5 T o053 O

Dv | tang Low = —9wsi _110p

o T tuu+ cvw = —2wsin ou o7 9)
Dw 1, _ 1, _g—10p

S — SUU — UV = 2w Cos U — g ¥

where¢ is the latitude \ the longitude and the the radius.u, v andw are the
velocity components; acceleration due to gravit$ 81ms—2) andw the rotation
rate of the earth7292x10~5s~!). The mass conservation equation may be written
as

1Do 10u 1 Odvcosg OJw
oDt Trox Tresd 96 or " (10)

Here 2, the total derivative, is given by

Dt?

D_0, v 9, ,v0, 0 (11)
Dt Ot rcospdN 1 OP or

4.1.1 Hydrostatic approximation

A careful examination of the orders of magnitude of the teim{®) shows that to
a high degree of approximation, the vertical momentum lzaanay be approxi-

mated by

10
0=g+-2L (12)
oO0r

This is usually referred to as the hydrostatic approxinmatio

4.1.2 Reynolds averaging

The flow in the ocean is more or less turbulent and cannot loelleddd exactly
due to resolution problems connected to limitations in cotepcapacity. The
time scale of the motion that are of interest for an ocean madefar beyond
that of the turbulent velocity fluctuations. However, tolude the turbulence
in the conservations equations above, it is convenientgarcethem as applied
to a type of mean flow and to treat the fluctuating componerntensame man-
ner as the viscous shear stress. Following the statistppibach by Reynolds
[Reynolds 1895], we separate the instantaneous values wéthbcity components
and pressure into a mean and a fluctuating quantity

u=7u-+u, v=T+1, w=w+w, p=p+p

where the mean of the fluctuating components is zero by defiraind the mean

13



denoted by a bar is defined as= %fOT udt. The averaging period has to be
greater than the fluctuating time scale but is more or lesicat as there is
hardly no such separation of scales to be found in naturera@ueg the momen-
tum equations and ignoring density fluctuations in the areélbn terms result in
a set of equations usually referred to as the Reynolds emsafior the mean flow
containing terms likepu/v’, ou’u’, ou'u’ etc.

If we define the vertical coordinateasz = r — R, whereR is the radius of
our idealized earth, we get with the Reynolds stressesdedand neclecting the
bar for mean quantities, the following equations.

Momentum balance

Du _ tag?‘z’uv + Ruw+

Rc})w( (““)+ a¢(COS¢UU) @(Rcosng))—

tag(i)uv + uw _fU_ERcisdn(gi

Dv + tanqﬁuu + va_'_ (13)
Rc})s¢(8(9A(Uu)+ a¢(COS¢UU)+ £ (Rcos pv'w’))+

ta]l%‘i’uu + UU) —fu— Q%gz

0=g+ 1%

The new terms are called the Reynolds stresses and repties@an-resolved
scales of motion, i.e. what we here regard as turbulence. eMenyas the new
set of equations is not closed, we have to express the Reystilelss terms in
the mean quantities. The normal approach to this closutdgmois to make use
of the analogy with molecular viscosity concepts as was diaslined by Stokes
[Stokes 1845] and Boussinesq [Boussinesq 1877]. This ntkatihe stress com-
ponents are expressed as proportional to an eddy viscosiyg the strain-rate of
the mean flow. In a spherical coordinate system, we get fostfess terms the
following expressions

—uu = ZK(R;s(ﬁ% . ta}%(b ) dl’l}( w) . %

—v'u = K(}%S_g + ta}%(bn + Rci)sd)%)

—w'' = K(B_Z + Rc})wa_zf\)

—u' = K(Rc})w% + %g_z + 25l)

—v = K(}%g—g)) — 2L div(u,v,w) — & (14)
_w/v/:K(a_Z_i_%g_i) )

—u'w' = K(Rcéwg_zf + 6_1;)

—v'w = K(%a—g + 8—2)

—w'w' = 2K — 2K dijy(u,v,w) — %

where K is an eddy viscosity and denotes the fluctuating part of the kinetic
energy, i.e.i(u'v/ + vv' + w'v’). We also have defined the vertical coordinate

14



asz = r — R, whereR is the radius of our idealized earth, and approximatby
R when it appears only as a coefficient.

4.1.3 Boussinesq approximation

A further approximation is the quasi-Boussinesq approtondBoussinesq 1877],
which means that the continuity equation is replaced byrtbempressibility con-
dition and that density variations are neglected in thetiméerm but retained in
the buoyancy-force term only. This is justified becauseagams in density are
normally much smaller than the mean density, fe< 1. From the incompress-
ibility assumption it follows that the divergence of the flesxzero, i.e.

1 Ou  OJ(cospv), Ow

rcosgzﬁ(a 19J0) )+$:0 (15)

div(u, v, w) =

Equation of continuity

1 Ou O(cosgv), Ow
Rcos¢(ﬁjL ol HE_

0 (16)

4.1.4 \Vertical integration

By integrating the continuity equation( 16) from the bottam= —H (), ¢), to the
surfacez = ((\, ¢, t), we are able to construct an equation for the water (surface)
level. The integration gives

[l e gm0 o

The kinematic boundary conditions at bottom and surface are

Bz + H(A ) =0
iz =¢(0,6,1) =0 } (18)

or

1 1
w|B+mH>\U‘B+§U|B:0 } (19)

wls — m@u\s — 0ls = ¢ =0

Replacing forw in the integrated continuity equation gives

" O(cos v
fEH Rc£s¢<% + % af )) dz + R01>S¢C>\u‘s + %C¢U|S+

, ; (20)
Ct + WH)\/I”B + ﬁHd)/U‘B =0

or

RCZS¢%</CHUCZZ) * RCZS¢%</CH COS¢UdZ) te=0 ()

15



If pa(), ¢) denotes the atmospheric pressure at sea surface, the tagdros
equation ( 12) can be integrated to give the following exgimsfor the pressure
in the horizontal momentum equations

((A9)
P 2) =pN o)+ [ gp(h.2)dz (22)

4.2 Salinity and temperature equations

Again ignoring molecular viscosity and applying the couatiy equation and the
Boussinesq approximation, we get the following equatianssélinity and tem-
perature
s :
2 + div(uS,vS,wS) =0
+ ) )
% + div(uT,vT,wT) =0 } (23)

By applying the same method of Reynolds averaging as for thaentum equa-
tions, we have

DS __ 1 A(—u'S’) (— cos pv'S’) A(—w'S")

Dt Rcos¢>( N + 0 ) + 0z (24)
DT __ 1 (8(7u’T’) 8(7cos¢v/T/)>+ O(—w'T")

Dt =~ Rcos¢ o\ O Oz

The expressions for the Reynolds stress terms analogolbis tadmentum equa-
tions are

o0 — 188

wS' = MthcEqﬁ X

< 195
'S = N5
—w'S" = Mvg_s

_ =z — (25)
—u'T = M1 -9

h Rcos ¢ oA

—'T" = My 55
—w'T = M, %L

Temperature and salinity are coupled to the momentum eansaby the equa-
tion of state

0=0(5.T,p) (26)
In the HIROMB modelp is computed with the UNESCO formula ( [Gill 1982]).

4.3 Horizontal mixing

Depending on the large difference in scales between thedmal and vertical
motion in the ocean, the eddy viscosity for horizontal moi®several orders of
magnitude greater than the vertical one. In the horizomtaluse the approach

16



by Smagorinsky [Smagorinsky 1963]. Denoting the horizbedily viscosity by
K}, the horizontal stresses can be expressed as

—uv' = KDy — k
—W - —Kth - k
where D, denotes the horizontal stretching rate defined as
1 Ou 10v tang
D, — -2 28
! Rcosgp O\ RO¢ R ! (28)
D, denotes the horizontal shearing deformation defined as
10u tano¢ 1 ov
Dy, = —— — 29
Ro6 R " Reosdon (29)
and
k= (v +v')/2 (30)
The horizontal eddy viscosity may then be expressed as
K,=1L;D (32)

whereL,, is a horizontal length scale arid denotes an invariant of the deforma-
tion rate tensor.
D =/D?+ D? (32)
For the length scale we use the formula by Smagorinsky [Snregky 1963]
L = (kR cos pAN) * (kRA®) (33)

wherex = 0.4. For the eddy diffusivity we simply use the formuld, = K,

4.4 \ertical mixing
The shear stress terms (vertical flux of horizontal momeitane
ou

—w' = Ky— (34)
0z

—w'v' = KU@ (35)
0z

and in analogy with the horizontal mixing, we define the \attieddy viscosity
as
K, = Ly (36)

17



whereL, is a vertical length scale anglis defined as

¥ =Jui+v2 (37)

In its present version, HIROMB makes use of a diagnostic tdanfor eddy vis-

cosity. It is of type ( 36), i.e. based on diagnosed lengtlhesagad time scale. To
arrive at a formula for the vertical turbulent length scale, first introduce the
following parameters

The flux Richardson number:

. gpw’
Rij = ———— S 38
' p(u'w'u, + v'w',) (38)
The gradient Richardson number:
. 9Pz
Ri, = —— 2% 39
T ) ©9
wherez is defined iN—H < z < (]
The turbulent Prandtl number:
Ri K
Pr=—-9%="" 40
"TRi; M, (40)

The turbulence model by [Mellor and Yamada 1974] gives a tional depen-
dence betweefr and Ri,

Pr= Ry (41)
0.725(Ri, + 0.186 — | /Ri2 — 0.316 Ri, + 0.0346)
or
1 0.725 % 0.688
— = (42)
Pr (Ri, +0.186 + /Ri2 — 0.316 Ri, + 0.0346)
From this it follows that
1
Riy = Ris(Rig) = 5~ Ri (43)

For the length scale we use a generalization of the von Kaforamula proposed
by Laikhtman [Laikhtman 1979] and expressed as

U(1 — 4 Riy)

LM 1R

(44)
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wherey = /u? 4+ v2. In case of strong variations in the length scale, a smogthin
procedure has ben added. Then, the effective length gcat®mes from the
relaxation equation

d L,
o= (L — L) (45)

This equation reminds one on a dynamic length scale balanegien. However,
no claim is raised, and its intended purpose is nothing ketifilg. In this way,
we may likewise construct a similar equation for the vettezly viscosity

0. _ ¥

~ K, = —
ot 4

(Lv@ - Kv) (46)

4.4.1 Non-local turbulence

For anyz along the vertical, i.e]-H < z < (], consider the following integral
expressions

Li(z) = /0H+Z 2k exp(— /:_5 %) do (47)
Li(z) = /OC_Z 2k exp(— :+6 %) do (48)

Htz z Rd€
(2 —/ exp(— /Z 5£(§)) W(z—9) db (49)
©'(z) = /C "k exp(— /ZM Kdﬁ z446) db (50)

These terms are based on master dlstrlbutlons of localssoalengthl and fre-
guencyy. They are constructed to give integral scales of lergtland velocity
v. The idea behind is Prandtl’s picture about the action dftilence in mixing. A
parcel of fluid is considered and followed when it undergoestlent excursions.
During its travel, it is continuously disintegrated. In thense of Prandtl, mixing
length is the statistical distance which is travelled tigioin the process of disin-
tegration. Here, we are concerned with vertical lengthes;ale. travel distances
along the vertical. We distinguish between upward and daavdvexcursions,
hence the superscriptsandd. A contribution to mixing might come from any lo-
cation on the vertical. Therefore, with respect to any exfee location - point of
start - an integral is formed over all the vertical, up to aoefand down to bottom.
At each point we fix a dimensionless weight which returnsatstigbution to the
mixing process. We imagine a probing through the water calumdetermining
the length scale, this distribution of weights is integdateer the vertical. The
integration variablé is nothing but the travel distance, always positive. Theanmor
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weight is placed at far distances, the greater the lenglk.sBéease note that the
weight distribution always decreases as the probing distarcreases.

Of course, the resulting formula has to be consistent withroon findings.
In particular, it has to return the well-known Karman lengttale formula for a
logarithmic shear layer. As is not difficult to check, thisxddgion is met by what
we take as the contrived mixing density distribution, seeftétmula.

Based on this consideration, we go one more step furthersto sdt up an
integral formula for velocity scale. Applying the formula the example of a
logarithmic shear layer, it becomes clear how an upward amcha/ard integral
have to be combined. We arrive at

Ly(2) = min(L(2), Ly (2)) (51)

p(2) = maz(p?(2), ¢"(2)) (52)
In our application, we insert the Karman-Laikhtman scald)(fér L.

4.5 Wind wave forcing

From the viewpoint of a filtered model (large scale, slow atioh), waves make
a subscale process. The presence of waves gives a net efffiett eomes from
self-correlation. The Stokes drift is a mass flow which arades from correlation
between surface elevation and flow. In an oscillating wavewérd flow and
backward flow do not exactly cancel out but leave a net flowh&tnrhomentum
equations, the quadratic terms also leave a non-vanistifagt @n averaging.
Thus, although waves are a much faster phenomenon than vitkated model is
designed to do, their presence should not be neglectedislthis more necessary
the more intense the waves are, because the filter effechitimear with respect
to wave characteristics.

Unlike entirely irregular turbulent fluctuations, wave® anuch more acces-
sible to modelling. In our context, we employ a phase-avwedagodel which
describes the comparatively slow evolution of wave enexgpngjties. There are
several such models at various levels. In our case, use is ofatie2"? gener-
ation model HYPAS [Gunther and Rosenthal 1983], where Hwethand stands
for HYbrid PArametric and Shallow. In that model, the entirave energy spec-
trum is composed in a hybrid way of wind-sea and swell. Eit@nponent is
given in a simple form which depends on only a few parametefgarameteriza-
tion is also applied to the influence of water depth. HYPAS/mtes what may be
considered as the "wave forcing” for HIROMB. Thus, as for HARM, it is run
independently and in advance of HIROMB.

To account for the effect of waves, the following 6 paranetse extracted
from the operational wave model
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1. wind wave energy

2. peak frequency of wind waves

3. dominant direction of wind waves
4. swell energy

5. peak frequency of swell

6. dominant direction of swell

In a linear approximation the wind waves may be regarded aparposition
of harmonic waves obeying the dispersion relation

w? = gktanh(kh) (53)

wherew is the frequencyk the wave number and the water depth. For deep
water the dispersion relation reduces to

W= gk (54)

From the above formula, we also get for the phase velecétgd group velocity
¢, the following formulae

¢® = £ tanh(kh)

1 2kh
Cqg = 05(1 + m)

(55)

The wave amplitude and orbital velocities may be treateduasufations from the
mean. With the input of energy, frequency and direction ftbenwave model, the
fluctuations will then take the following form

(' = Acos(a — wt)

uw = Aw%ﬂ)z)) cos(av — wt) sin @

v = Aw% cos(o — wt) cos O —— (56)
w' = Aw% sin(a — wt)

where A is the amplitude, and the direction of a harmonic wave. Because of
continuity, the phase angtehas to obey the following formula

. O Oa
sin 95 + cos 90_¢ = kRcos¢ (57)

For the Reynolds stress terms in the momentum equationsei®ygubstituting

21



for the fluctuating quantities from equation( 56)

— h2(k(h :
cos puu = %A%}Qw sin? @ cos ¢

sinh? (kh)
cos® puv’ = %A%?%ﬂ;)) cos 6 sin 0 cos ¢
cos? pu'w’ =0 (58)
il — %AQwQ%W sin 6 cos Hcoi(z)
cos ¢ v = %AQwQ%W cos? 9c0i¢

cos pv'w =0

By vertical integration of the momentum equations, it i®gtessible to cal-
culate the influence of wind waves on the large-scale volum&$. Using ( 55)
we get for the vertical integration of the z-dependent tarri56)

¢ cosh®*(k(H +2)) g, ¢y g
= —Zcoth(kh) = 2= 59
/—H sinh?(kh) ke’ (kh) c w? (59)

where we also have used the equipartition property of wineevemergy, i.eF =
+ A% with E denoting the energy. The wave-induced fluxes then become

¢ T — 1% qin2
f:H cos pu'u’ = gE~* sin” 6 cos ¢

¢ 2 T c :
f:H cos” g u'v' = gE~2 cos 0 sinf cos ¢

- 60
[ VW = gE% sin 6 cos 0o (60)
[ cos gV = gE cos? coid)
Similarly we get for the wind wave terms in the continuity atjans
(|, = 3 A%w coth(kh) sinf = gZsin g (61)
¢'cos pU'| ¢ = %A%} coth(kh) cosf = g% cos

This net volume flux corresponds to the Stoke’s drift.

4.6 Dynamics of seaice

The ice model consists of two main components: thermodycgme. growth

and melting, and dynamics, i.e. drift. As for any other lasgale sea ice model,
the ice drift model is based on continuum mechanics. The ieeh@nics model
computes forces and deformation. Thus, its componentsaguation of motion

(momentum budget) and a constitutive equation which gikesésponse of the
ice to deformation. To close the system, there are also swnlaquations for the
remaining budget quantities.
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The basic equations for momentum balance of sea ice comeieoontinuum
mechanics, in the case of plane stress. In spherical cauedinwe have

pzh(at +Rcﬁs¢g§+%g_g_(tan¢u+f)v+g 0¢>
pih(G +Rcléwgf\""Eg:;“‘(tawu-i-f)u—i-g%g—) $+T¢’+F¢

O

(62)
where
Tzﬁ = CupPu((Uw — u)2 + (v — U)2)1/2(uw —u)
T{fj = CoPu((Uw — )2 + (v — U>2)1/2(Uw —v) 63
7= upal (0 — 0)° + (v — )2, — 1) ©3)
Tc? = Capa((ta — 1) + (V4 — U)2>1/2(Ua —v)
and 1 0 oo
. - Rctl)szz)( A (011) + a¢(COS ¢o12)) — @012 } (64)
1= Rcos¢>( (021) + 8¢(COS ¢0—22)) + R 011

To characterize the deformation properties of the hypdatkdslarge-scale
continuum mechanics material, use is made of Reiner-Regunations as the gen-
eral form of constitutive equations of a fluid. (Note that adlbas no reference
configuration. Thus, elastic phenomena are excluded.)

o1 = ((11 +E2) + N1 —Ea2) — §
012 = 2nE12

. 65
091 = 2MmEx (65)
092 = ((€a2 +€11) + (€2 —€11) — %
In spherical coordinates, the rates of deformation read

s 1 Ju _ tang
11 = Rcosd 8>\ R

v

: : 10 t 19
€12 2512}9 (Rag + an‘z’u—i- Rcowa—i) (66)
522:73%

It is assumed that large-scale pack ice is isotropic so teahechanical be-
haviour may be stated in terms of invariants of stress aaghstate

— %(0'11 + 0'22) } (67)

o= %((011 — 099)? + 4012091 )1/

ér = (11 +€2)

. : : . 68
Err = ((€11 — €22)% + 4€12691) "2 } (68)

Given these definitions, the constitutive equations, im#eof invariants, read

o1+ g =G } (69)

orr = TeErr
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where P/2 is a reference pressure whifeandn are viscosities. In Hibler’s fa-
mous viscous-plastic sea ice model [Hibler 1979], theseosgisies are specified
as follows.
Let
A=+ (/o)D) } (70)

be one more invariant of the strain-rate tengky,some low reference value, and
put

C = max(lA,Ao)g (71)
n==¢
As is not difficult to see, the state of stress is confined tgytlkel ellipse
P, ) A? P, P,
— = )P < (= 72
(JI+ 2) +(60-II) (maX(A,Ao))2(2) = (2) ( )

Here, we recognize the meaningeofit is the excentricity of the yield ellipse( 72).

Here, Hiblers model is stated for the sake of reference. RONB, a modifi-
cation is implemented, however. As has turned out in a madhieat investigation
[Kleine and Sklyar 1995], it is appropriate to relax Hibferigid plasticity by ad-
mitting that the yield curve is exceeded. For sufficientigarates of strain, it
should be possible to attain any stress. In practice, suohldHibe the case only
in a neighbourhood of the yield curve, however.

Thus, the constitutive equation of HIROMB's ice model isoags-viscoplastic
rather than viscous-plastic. We take some very small noredsionak > 0 pa-

rameter and let

o 1+/{maX(AA071,O) P

(= A Ay 2 (73)
n= 6—2C

Compared to ( 72), we now have

B AAO + Kk max(A — AO,O)E
n AO maX(A, Ao) 2

P

((or + 5)2 + (eorr)*)'? (74)
As shown in [Kleine and Sklyar 1995], introducing the paréene as a (minor)
modification of Hibler's model amounts to regularizing tlee mechanics prob-
lem.

As a closure of the ice dynamics model, there are two budgetems for
areal density and compactness. In the compactness equatidging term (sink
of compactness) is involved to prevent it from exceedingyuni

oh 1 0(uh)  O(cos pvh)
o T Ress on T 06

) =0 (75)
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0A 1 0(uA)  O(cospvA)
ot * Rcosgb( oA 0¢
While the total mass of ice, given by its areal dengitis conserved under
transport, compactness in general is not. To prevent larapactness from ex-
ceeding unity, as could happen in cases of convergencek éesim, the so-called
ridging function’R, appears on r.h.s. Keep in mind that there is no fundamental
principle on which ( 76) is based.

)=R (76)

4.7 Thermodynamics of seaice

Growth and melting of sea ice is controlled by the heat budg#te ice cover. In
the model, the ice is considered as a plane slab. Its bulkduelgget is given by

o dT dh

Q+ Q" =ocph—r —ol—
where the following notation is used) atmospheric heat flux at ice surfacg,
oceanic heat flux at ice bottomjce densityc, specific heat capacity of icé,ice
thicknessI mean ice temperature. Both (external) heat fluxes are tabsitiye
if directed into the ice. On the left-hand side of (77), therihe heat input into the
ice while the contibutions to r.h.s come from heating/cagknd phase change by
growing/melting.

As with surface temperature in modelling atmospheric heat dver open
ocean, the ice temperature is part of the problem, i.e. toeberchined. We have
to obtain both temperature and thickness from (77).

To tackle the problem, we need more insight. On the vertieathe ice slab
be an interval, sayg < z < zg so thath = zs — zg. The internal redistribution
of heat due to conduction is governed by the equation

(77)

or o _

05y + ER (78)
Vertical integration gives
dT
ocph— + Q5 — Q=0 (79)
On combining with (77) we get
) (05— Qo) — —or (s _ P8
(Q+Q%) — (@5~ Q) = —oL(~> = —7) (80)
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It is easy to separate latent heat budgets at surface arahhagspectively.
At the surface we get

dz
Q+Q5=—ol— (81)
while at the bottom p
zZ
~Qp +Q° = oL—" (82)

Both balances follow one and the same pattern: The inegplinp) of heat
fluxes at the interfaces (ice-atmosphere, ice-ocean) gseso either growing or
melting.

However, there is an important distinction, and we have fie@intiate be-
tween surface and bottom.

At bottom, the ice temperature remains fixed. It is always fa#l melting
temperature, irrespective of any growth or melting. Degenadn lack or surplus
of heat flux into the interface, there is loss or gain of latezait at the interface,
i.e. growth or melting.

At surface, the temperature is free to attain any value nextgr than melt-
ing temperatue. It is unknown a priori. Conversion of lateeat is possible for
melting only - growth by freezing of water being excludeduf melting occurs
only after heating up the ice to the melting temperature.sT there are unilateral
constraints to both surface temperature and conversi@tait heat. Yet, we only
have either heating/cooling or melting. These two distiagimes are associated
with the following two disjoint cases:

1. Aslong asl,, s < T OF Q + Q5 < 0, equation (82) should be regarded
as a condition on the surface temperature which as well sdfdtom@Q + Q% = 0.
Any change in the control is matched by adjustment of theasertemperature.

2. Ifboth Ty, ; = T, @and@ + Q¢ > 0, the melting temperature has already
been reached as an insurmountable obstacle, yet even nadris bapplied to the
surface. In this case, there is no reasonable surface tatopefs,, ; < T,
that satisfies the flux balancg + Q% = 0. A defect of heat fluxes comes into
play which physically acts a source of latent heat. Equat#) is recovered.
Complient with the physical meaning of the melting term, Wweags have‘% <
0. If it is impossible to satisfyp) + Q% = 0 with then melting is required to hold
the balance. (Incidentally, the budget then reduceg te —ngZS .) Hence, in
the cas€l,, s = T,x andQ + Q% > 0, equation (81) gives the rate of surface
melting.

We prefer to tackle (81) in the form

T
QR+ Qp = 0 Oélt QL%
where use was made of (79). On adding (82) and (83), we agaue at the
commencing heat budget equation (77).

(83)
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To close the system at this point, we refer back to some oslstiip between
mean (bulk) temperature and surface temperature, as coamesafhypothesized
temperature profile within the ice slab.

As explained, use is made of egn. (83) to control both ice egatpre changes
and surface melting. Thus, equation (83) governs Bodimdzs. But, at any time,
only one of these quantities is actually affected.

In standard papers, (83) is found without the heat storage. tBut we have
found that it is convenient to include as it helps damp rapidtélations of the
ice temperature which otherwise are common-place. In ai-gtaisc balance the
ice temperature sensitively responds to changes of thesatmeoic conditions.
By incorporating the full heat budget, the ice temperatamaade more physical,
perhaps worth comparing with remote pictures, if available

Once individual ice formation rates are calculated at s@rfand bottom, the
total change of ice thickness finally §§ = %s — &5,

On leads (fractions of open water) there is also ice formmatis long as there
is any ice around, the sea surface temperature is held ate¢limgitemperature,
and the latent heat budget is governed by

Q+@ =0l (8
the same principle as for ice formation at the bottom of tleestoeet.

At this point, it should be noted that there are three modesdmputing the
atmospheric heat flux): 1. over open ocean without ice cover 2. over open
water /leads) within ice cover 3. over ice sheets. Each reginassociated with
its special regime of the surface temperatures which al§er diccording to the
listed three states of surface.

The total ammount of ice formation on the ice fraction and apen water

water fraction is the weighted sum of both.

dh dh dh
E‘tot - Aa‘slab + (]- - A)Ehead (85)
In calculating% |siao the slab thickness is assumed toibel as if all the ice were
piled up on the covered fraction.
Following Hibler, the thermodynamic evolution of compaeds is given by
dA A dh 1—-A dh
(et 0) (G leoa:0)

= 57 _070 —7 5, llead;
min dt|tt + max dt‘l d

— 86
dt  2h ho (86)
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5 Numerical solution technique

5.1 Space discretization

A number of options exists for the choice of the horizontal &artical arrange-
ment of variables. The most widely used in ocean modellitigaso called C-grid
[Arakawa and Lamb 1977], see figure 5. The advantage of tiddigs in better
dispersion properties and improvements in the geostraatjicstment process as
long as the horizontal resolution is less than the scalesoRibssby radius. For the
baroclinic part, the Rossby radius is typically of the oroiet — 8 km in the Baltic
Sea compared to the present resolution of the model, whiapgsoximatelyl .8
km. In the vertical, a z-coordinate system is used with fiesels in a non-unorm
distribution and the thickness of the bottom layer depemde local depth. The
variables are arranged so that vertical velocity is defirntethetop and bottom
of a grid cell while density is defined in the middle of the cshke figure 6. As
a general rule of space discretization we use central diffe¥ approximation of
derivatives and averages wherever required.

5.2 Time discretization

A two-level time-stepping is the general scheme. Horiziaadaection of momen-
tum, salinity and temperature as well as ice and the ho@dumtbulent fluxes are
treated explicitly. A shock capturing advection schemessdufor salinity and
temperature. Implicit components are barotropic grawtynts in the momentum
and continuity equations and vertical exchange of momensaimity and tem-
perature. An iterative procedure with a sequence of lizasions is used for ice
dynamics, interaction of momentum balance and constéwguations. The sea
ice part consists of a system of highly nonlinear equati@mprising the entire
ice cover.

In principle, the computational flow chart can shortly bealé®d as follows:
- Thermodynamics of ice - nonlinear equations - cell by cell.
- Blocks of numerical treatment within time loop:
. horizontal stress, eddy viscosity with respect to théicedr
. calculation of density, hydrostatic equation.
. equation of continuity, momentum equations.
. advection and diffusion of salinity and temperature.
. dynamics of ice, ice momentum balance and constitutivatans.
. advection of ice (thickness, compactness, snow cover).
. heat flow at surface, thermodynamics of sea ice.
. effects of surface waves.

O~NOOT A~ WN P
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9. one-way control of dynamics to nested grids.
10. two-way exchange of salinity and temperature at griaitoi

Ui—2,5—1 Ui—2,5 Ui—2,j+1

Ui—15-2 Si—1j—-1 Ui—1j-1 Si—1j Uit1,5  Si—14+1 Ui—1j+1

Ui—1,j—1 Ui—1,j Ui—1,j+1
Uij—2  Sij-1  Uij-1 Si.j utj Sig+l  UWift1
Ui,j—1 Ui,j Ui,j+1

Uit],5—2 Sit+1,5-1 Uit]j—-1  Sit+1j Wit1,j  Si+l5+1 Ui+l5+1

Uit1,j—1 Uit1,; Uit1,j+1

Figure 5: Horizontal distribution of variables on a C-grig. u and v stand for
salinity, u-velocity and v-velocity component resp. Ndtattthe origo is located
at the upper left corner of the grid and the indices are agdmgaccordance with
conventional matrix indexing
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wlm]?k*l

Uj 51,1 Sijk—1 U jlk—1

wi?j7k

Ui g1k Si,jk Uilj k

Wi,j,k+1

Uijfik+1  Sijk+l Ui jlk+1

Wi 5 k+2

Figure 6: Vertical distribution of variables where s, u andtand for salinity,
u-velocity and w-velocity component resp.

6 Parallelization

Before the breakthrough of modern supercomputers withiloliged memory and
a large number of processors working in parallel, ocean inmui¥es were often
written in Fortran 77. However, to really utilise the efficey of both shared
memory vector computers and distributed memory parali@lpigers, it has been
necessary to at least rewrite some of the code in Fortran 90.

Unlike atmospheric models, where all the grid points in thedsel are ac-
tive, ocean models contain a large number of land points.cbheputational do-
main therefore has to be partitioned into blocks contaiaingnimum of inactive
points.
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Accordingly, the task of parallelization the original HIRIB code has been
divided into two main parts; rewriting of the code to take askage of the Fortran
90 features and dividing the model area into blocks with airmimim of inactive
points. A further part is the exchange of numerical algongrespecially designed
for distributed memory parallel computers.

For more details concerning the parallelization, the reasleeferred to the
work by Tomas Wilhelmsson, Josef Schiiele and Jarmo Rakitako
[Wilhelmsson and Schille 1998] and [Rantakokko 1997].

6.1 Modification of the code

To minimize the coding work, most of the original Fortran ‘6de has been kept
intact except where new numerics has been added. The madificd the code
has mainly consisted of using pointers to switch betweeibliheks and different
grids. The Message Passing Interface (MPI) library has beed for communi-
cation between processors.

One of the most time-consuming parts in the code comes fremntiplicit
solver that is used for both the barotropic part and the icduteo Therefore the
old serial solver has been exchanged with a new distributgt-frontal solver
written by Bruce Herndon [Herndon 1996]. New software forghial architec-
tures are becoming available and in the test runs we alsod@mwe experiments
with the multi-frontal solver MUMPS [Amestoy et al. 1998].olnever, for our
special application, the performance of the Herndon’sesdias shown to be su-
perior.

6.2 Decomposition into blocks

In the computational domain that covers the whole 1 nm gndy @6% of the
surface points and less than 10% of the volume points areeaptints. Thus
the main task of the decomposition is to cut off as much asilplessf the non-
active grid points. This is achieved by decomposing the diomméo blocks that
contain as less as possible of the land points. At the sanes tivare has to be a
limit on the number of blocks, because the more blocks theemrrk is spent on
overhead from switching block context and updating bloclrintaries. A careful
examination of how the performance rate depends on theldison and number
of blocks is therefore necessary to arrive at the optimunskolecomposition.
Because of the implicit treatment of the vertical diffusibrs an advantage if the
decomposition is done only in the horizontal. Then a furtieduction is possible
by eliminating non-active deeper layers.

To carry out this procedure, we have used a newly revisedoreds the do-
main decomposition package of Jarmo Rantakokko [RantaktRR7]. Measure-
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ments described in [Wilhelmsson and Schile 1998] showsahanactive land
point uses almost 40% of the time of an active water point. Atliree of the
decomposition algorithm is described below.

1. The domain is first split into halves and the two resultitagks are shrunk
to remove inactive points.

2. The first step is repeated a number of times, where blodksatower than
average fraction of active points are split and then shrunkhis manner
the fraction of active points is kept up in the blocks.

3. The blocks are distributed onto the processors with therse/e spectral
bisection (RSB) method. If the resulting load imbalancehisve a given
threshold, blocks are split further until the load imbakans below the
threshold.

4. Where possible, blocks on the same processor are comantederged
together in order to reduce the number of communicationtpeithin each
processor.

5. As afinal step, the number of inactive points is reducetth&uby shrinking
the blocks where possible.

6.2.1 Decomposition of ice coverage

Even with the introduction of the new distributed solver fioe implicit solution
of the ice equations, the ice module still accounts for adgrart of the total ex-
ecution time as soon as the ice coverage reaches normabvallee dynamic
nature of the ice coverage requires a time-dependent dexsotigm which is dif-
ferent from the one for the water part. Special care also ma ttaken to areas
where ice will form as the computation of the forecast prdsedo manage this,
the area occupied with ice has been extended to include aittaa sea surface
temperature below a given value. Figure 7 shows an exampglgmtiecompo-
sitions of the same 1 nm grid, one for water and one for ice. eBrpents with
equal and different number of blocks for the water and ice¢ pave shown that
the best performance is achieved by using less blocks fac¢éheart compared to
the water part.
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Figure 7: Two decompositions of tHewm grid for water on the left and for ice
on the right. The initial ice decomposition consist20tblocks onl6 processors.
(From [Wilhelmsson and Schile 1998])
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Parallel speedup

327
— Ideal
—>—  One step
X 1nm grid
3nm grid
— %= 12nm grid o X
161
8 L
4+
T

59 17 33 65 129

Figure 8: Speedup as a function of the number of PE’s as gnerable 2.
Note that the baseline for thE2 nm and 3nm grids is 1.0 with 5PE’s. For
the 1 nm grid and the wholetime step, the baseling.Gswith 9 PE’s. (From
[Wilhelmsson and Schiile 1998])
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12 nm grid 3nm grid 1nm grid Whole time step
#PE Time Speedup Time Speedup Time Speedup Time Speedup

5 0.67 1.0 5.75 1.0 Outof memory Outof memory
9 0.40 1.7 2.98 1.9 28.97 1.0 32.98 1.0
17 0.34 20 1.60 3.6 14.34 2.0 16.31 2.0
33 0.22 3.0 0.92 6.2 7.75 3.7 8.87 3.7
65 0.18 3.7 0.56 10.3 4.11 7.0 4.90 6.7
129 0.17 3.9 047 121 2.48 11.7 3.15 104

Table 2: Timings for one whole time step using a dataset withce from July
1, 1999. Herndon’s solver was used in all timings, exceptherl nm grid and
whole step execution on the 9 PEs, which used the MUMPS sdiweto memory
constraints. In the 129 PE timing, the 12 nm grid was onlyrttisted onto 64 PEs.
(From [Wilhelmsson and Schile 1998])

6.2.2 Data handling

A master processor takes care of the assembling, packidgyating data and is
to some extent overlapping computations done by the woningessors. This is
a very important point in achieving parallel efficiency. THerndon’s solver
[Herndon 1996] requires the working processors to be a po#viro, implying
that with the master processor included,+ 1 processors are used in the sim-
ulations. The master processor is also responsible fortungdand distributing
external boundaries to the working processors.

6.2.3 Parallel performance

Table 2 (from [Wilhelmsson and Schile 1998)) illustratbe performance ob-
tained so far on a CRAY T3E-600, and figure 8 (from
[Wilhelmsson and Schile 1998)) illustrates the paralpededdup for one full time
step without ice. A 48-hour forecast with the 1 nm grid in@dcheeds approxi-
mately 30 minutes CPU-time on 65 PE’s on a T3E with the iceladenl.
AcknowledgementThis work has been financed by Bundesamt fiir Seeschif-
fahrt und Hydrographie (BSH), Hamburg and the Swedish Metegical and
Hydrological Institute.
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river mean runoffim3s=1) | river mean runoffim3s—1)
Kyroenjoki 44.00| Pregola 87.00
Lapuanjoki 33.00| Neman 674.00
Kalajoki 28.00| Venta 65.00
Pyhajoki 28.00| Malaren 156.00
Siikajoki 41.00| Nykpingsan 21.00
Oulujoki 260.00| Motala strom 96.00
lijoki + Kiiminkijoki 220.00| Eman 28.00
Simojoki 38.00| Morrumsan 27.00
Kemijoki 578.00| Helge a 48.00
Torne alv 388.00( Ronne a 21.00
Kalix alv 290.00| Lagan 71.00
Rane alv 44.00| Nissan 40.00
Lule alv 508.00| Atran 46.00
Pite alv 170.00| Viskan 30.00
Skellefte alv 160.00| Randers fjord 100.00
Kokemaenijoki 221.00| Gota alv 530.00
Ume alv 423.00| Glomma 600.00
Ore alv 35.00| Oslofjord 300.00
Gide alv 35.00| Lagen 600.00
Angermanalven 480.00| Nidelv 245.00
Indalsalven 439.00| Otra/Tovdalselv 400.00
Ljungan 140.00| Firth of Forth 555.00
Ljusnan 230.00| Humber/Tyne 290.00
Dalalven 370.00| Thames 100.00
Narva 357.00| Seine 400.00
Luga 90.00| Scheldt 150.00
Neva 2600.00| Rhein/Meuse 2380.00
Kymijoki 368.00| N Sea channel 90.00
Kasari 24.00| IJsselmeer, Waddenzee 500.00
Parnu 48.00| Ems/Dollart 100.00
Salatsa 30.00| Weser 450.00
Gauya 68.00| Elbe 900.00
Daugava + Lielupe 723.00| Ringkabing fjord 125.00
Oder 522.00| Kvina/Sira 300.00
Rega 21.00| Lysefjord 100.00
Parseta 28.00| Boknafjord 485.00
Vistula 1010.00

Table 3: Annual mean of river runoff
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8 SMHI Publications

SMHI publish seven reportseries. Three of these, the R-series, are intended for international
readers and are in most cases written in English. For the others the Swedish language is used.

Name of the series

RMK (Report Meteorology and Climatology)
RH (Report Hydrology)

RO (Report Oceanography)
METEOROLOGI

HYDROLOGI

OCEANOGRAFI

KLIMATOLOGI

Earlier issuespublished in RO

1 Lars Gidhagen, Lennart Funkquist and Ray
Murthy (1986)
Calculations of horizontal exchange
coefficients using Eulerian time series
current meter data from the Baltic Sea.

2 Thomas Thompson (1986)
Ymer-80, satellites, arctic sea ice and
weather.

3 Stig Carlberg et al (1986)
Program for miljokvalitetsovervakning -
PMK.

4 Jan-Erik Lundqvist och Anders Omstedt
(1987)
Isforhallandena i Sveriges sodra och vistra
farvatten.

5  Stig Carlberg, Sven Engstrom, Stig
Fonselius, Hakan Palmén, Eva-Gun
Thelén, Lotta Fyrberg och Bengt Yhlen
(1987)

Program for miljokvalitetsovervakning -
PMK. Utsjoprogram under 1986.

6 Jorge C. Valderama (1987)
Results of a five year survey of the
distribution of UREA in the Baltic sea.

7  Stig Carlberg, Sven Engstrom, Stig
Fonselius, Hakan Palmén, Eva-Gun
Thelén, Lotta Fyrberg, Bengt Yhlen och
Danuta Zagradkin (1988).

10

11

12

13

Published since

1974
1990
1986
1985
1985
1985
2009

Program for miljokvalitetsovervakning -
PMK. Utsjoprogram under 1987

Bertil Hékansson (1988)
Ice reconnaissance and forecasts in
Storfjorden, Svalbard.

Stig Carlberg, Sven Engstrom, Stig Fonse-
lius, Hakan Palmén, Eva-Gun Thelén,
Lotta Fyrberg, Bengt Yhlen, Danuta
Zagradkin, Bo Juhlin och Jan Szaron
(1989)

Program for miljokvalitetsovervakning -
PMK. Utsjoprogram under 1988.

L. Fransson, B. Hakansson, A. Omstedt
och L. Stehn (1989)

Sea ice properties studied from the ice-
breaker Tor during BEPERS-88.

Stig Carlberg, Sven Engstrom, Stig
Fonselius, Hakan Palmén, Lotta Fyrberg,
Bengt Yhlen, Bo Juhlin och Jan Szaron
(1990)

Program for miljokvalitetsovervakning -
PMK. Utsjoprogram under 1989.

Anders Omstedt (1990)
Real-time modelling and forecasting of
temperatures in the Baltic Sea.

Lars Andersson, Stig Carlberg, Elisabet
Fogelqvist, Stig Fonselius, Hakan Palmén,
Eva-Gun Thelén, Lotta Fyrberg, Bengt
Yhlen och Danuta Zagradkin (1991)



14

15

16

17

18

19

20

21

22

Program for miljokvalitetsdvervakning —
PMK. Utsjoprogram under 1989.

Lars Andersson, Stig Carlberg, Lars Edler,
Elisabet Fogelqvist, Stig Fonselius, Lotta
Fyrberg, Marie Larsson, Hakan Palmén,
Bjorn Sjoberg, Danuta Zagradkin, och
Bengt Yhlen (1992)

Haven runt Sverige 1991. Rapport fran
SMHI, Oceanografiska Laboratoriet,
inklusive PMK - utsjoprogrammet. (The
conditions of the seas around Sweden.
Report from the activities in 1991,
including PMK - The National Swedish
Programme for Monitoring of
Environmental Quality Open Sea
Programme.)

Ray Murthy, Bertil Hékansson and Pekka
Alenius (ed.) (1993)

The Gulf of Bothnia Year-1991 - Physical
transport experiments.

Lars Andersson, Lars Edler and Bjorn
Sjoberg (1993)

The conditions of the seas around Sweden.
Report from activities in 1992.

Anders Omstedt, Leif Nyberg and Matti
Leppéranta (1994)

A coupled ice-ocean model supporting
winter navigation in the Baltic Sea.

Part 1. Ice dynamics and water levels.

Lennart Funkquist (1993)
An operational Baltic Sea circulation
model. Part 1. Barotropic version.

Eleonor Marmefelt (1994)
Currents in the Gulf of Bothnia. During the
Field Year of 1991.

Lars Andersson, Bjorn Sjoberg and
Mikaell Krysell (1994)

The conditions of the seas around Sweden.
Report from the activities in 1993.

Anders Omstedt and Leif Nyberg (1995)
A coupled ice-ocean model supporting
winter navigation in the Baltic Sea.

Part 2. Thermodynamics and
meteorological coupling.

Lennart Funkquist and Eckhard Kleine
(1995)

23

24

25

26

27

28

29

30

31

Application of the BSH model to Kattegat
and Skagerrak.

Tarmo Kduts and Bertil Hakansson (1995)
Observations of water exchange, currents,
sea levels and nutrients in the Gulf of Riga.

Urban Svensson (1998)
PROBE An Instruction Manual.

Maria Lundin (1999)

Time Series Analysis of SAR Sea Ice
Backscatter Variability and its Dependence
on Weather Conditions.

Markus Meierl, Ralf Déscherl, Andrew, C.
Coward?, Jonas Nycander® and Kristofer
D66s’ (1999). RCO — Rossby Centre
regional Ocean climate model: model
description (version 1.0) and first results
from the hindcast period 1992/93.

" Rossby Centre, SMHI  James Rennell
Division, Southampton Oceanography
Centre, * Department of Meteorology,
Stockholm University

H. E. Markus Meier (1999)
First results of multi-year simulations using
a 3D Baltic Sea model.

H. E. Markus Meier (2000)

The use of the k — & turbulence model
within the Rossby Centre regional ocean
climate model: parameterization
development and results.

Eleonor Marmefelt, Bertil Hakansson,
Anders Christian Erichsen and Ian
Sehested Hansen (2000)

Development of an Ecological Model
System for the Kattegat and the Southern
Baltic. Final Report to the Nordic Councils
of Ministers.

H.E Markus Meier and Frank Kauker
(2002).

Simulating Baltic Sea climate for

the period 1902-1998 with the Rossby
Centre coupled ice-ocean model.

Bertil Hékansson (2003)
Swedish National Report on
Eutrophication Status in the Kattegat and



32

33

34

35

36

37

the Skagerrak OSPAR ASSESSMENT
2002

Bengt Karlson & Lars Andersson (2003)
The Chattonella-bloom in year 2001 and
effects of high freshwater input from river
Gota Alv to the Kattegat-Skagerrak area

Philip Axe and Helma Lindow (2005)
Hydrographic Conditions Around Offshore
Banks

Pia M Andersson, Lars S Andersson
(2006)

Long term trends in the seas surrounding
Sweden. Part one - Nutrients

Bengt Karlson, Ann-Sofi Rehnstam-Holm
& Lars-Ove Loo (2007)

Temporal and spatial distribution of
diarrhetic shellfish toxins in blue mussels,
Mytilus edulis (L.), at the Swedish West
Coast, NE Atlantic, years 1988-2005

Bertil Hékansson

Co-authors: Odd Lindahl, Rutger
Rosenberg, Pilip Axe, Kari Eilola, Bengt
Karlson (2007)

Swedish National Report on
Eutrophication Status in the Kattegat and
the Skagerrak OSPAR ASSESSMENT
2007

Lennart Funkquist and Eckhard Kleine
(2007)
An introduction to HIROMB, an

38

39

40

41

42

operational baroclinic model for the Baltic
Sea

Philip Axe (2008)
Temporal and spatial monitoring of
eutrophication variables in CEMP

Bengt Karlson, Philip Axe, Lennart
Funkquist, Seppo Kaitala, Kai Serensen
(2009)

Infrastructure for marine monitoring and
operational oceanography

Marie Johansen, Pia Andersson (2010)
Long term trends in the seas surrounding
Sweden

Part two — Pelagic biology

Philip Axe, (2010)
Oceanographic Applications of Coastal
Radar

Martin Hansson, Lars Andersson, Philip
Axe (2010)

Areal Extent and Volume of Anoxia and
Hypoxia in the Baltic Sea, 1960-2010



Swedish Meteorological and Hydrological Institute
SE 601 76 NORRKOPING
Phone +46 11-495 80 00 Telefax +46 11-495 80 01

ISSN 0283-1112



