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1 IntroductionThe Swedish Regional Climate Modelling Programme, SWECLIM, aims to increaseour knowledge of the e�ects of climate change in Sweden and the other Nordic coun-tries (SWECLIM, 1998). Thereby, speci�c regional consequences of global climatechange like river discharge, precipitation, regional ice cover, temperatures of air andwater and water quality conditions are of special interest for the Nordic societies. Tomeet this challenge, dynamical downscaling methods are applied. So far, the regionalatmospheric model HIRLAM has been used together with boundary data from globalocean-atmosphere circulation models (HadCM2 and ECHAM4/OPYC3) to simulate 10year time slices (Rummukainen et al., 1998; R�ais�anen et al., 1999). OGCM �elds forthe Baltic Sea cannot be expected to be realistic due to coarse resolution. Hence, theBaltic Sea was either parameterized in a simplistic way or represented by the process-oriented PROBE-Baltic model (Omstedt, 1990). The latter consists of 13 boxes withhigh vertical resolution using parameterizations for horizontal transports between theboxes.As SWECLIM aims at details of regional climate, a fully three-dimensional model hasto be used to represent the Baltic Sea within coupled climate scenarios. A 3D modelgives us the possibility to resolve horizontal features like up- and downwelling events,fronts or mesoscale eddies and wind driven transports which are not considered in hor-izontally integrated models. For a sea ice model, the 3D ocean structure is essentialto establish adequate horizontal patterns of ice coverage and compactness. Improvedannual cycles of sea ice seasons are expected to result in an improved atmosphere cli-mate simulation for the Nordic countries.Regional climate impact studies of the future Baltic marine environment (e.g., stormsurges, ice seasons and sea surface temperatures, strati�cation changes due to changedprecipitation and river runo�, mean sediment transports, nutrient load impacts, oxygenresources, etc.) require detailed highly resolved information. Considering the needs ofpotential end users, 3D information as well as 3D-generated information appears to beof critical importance. As a response to these requirements, RCO, the Rossby CentreOcean Model, has been developed. First results presented in Section 5 of this reportindicate that RCO is well suited to meet the above goals.Several models have been used to study the dynamics of the Baltic Sea. Most of themare process-oriented or two dimensional models, e.g., Welander (1974), Walin (1977),Stigebrandt (1983, 1987), Omstedt (1990), Gidhagen and H�akansson (1992). Three di-mensional models were used by Simons (1976), Kielmann (1981) and Krau� and Br�ugge(1991) for studying the wind-driven circulation of the Baltic Sea. An ocean generalcirculation model of the whole Baltic Sea was presented by Lehmann (1992, 1995),and regional models of the western Baltic Sea by Seifert and Fennel (1994) and Meier(1996). Meier (1996) has also data assimilation included. Using the same model typeElken (1996) has investigated in deep water over
ow, circulation and vertical exchangein the Baltic Proper. Schrum and Backhaus (1999) used a coarse resolution North Seaand Baltic Sea model for sensitivity studies of atmosphere-ocean heat exchange and1



heat content for 1983-84.Recently, several research groups in countries around the Baltic Sea have started tosetup 3D ocean models with the purpose to perform multi-year integrations. In thatcontext the activities within BALTEX (the BALtic Sea EXperiment) should be men-tioned. One of the main purpose of BALTEX is the modelling of the water and energybudget of the Baltic catchment area which surrounds the Baltic Sea. The water budgetof the Baltic Sea is governed by the huge impact of river runo� and the limitation ofwater exchange with the North Sea due to the shallow and narrow Danish Straits. Thecalculation of the net out
ow from the Baltic Sea through the Danish Straits is animportant component of the water budget of the whole BALTEX region. Great hori-zontal salinity gradients are characteristic for the area between the Skagerrak and theBaltic Proper. As baroclinic e�ects modify the transports through the Danish Straits,the salt budget of the Baltic Sea has to be included into the considerations. To achieveimproved water and salt budgets, accurate modelling and monitoring of the highlyvariable in- and out
ow through the narrow Danish Straits are required over long timeperiods. The 3D model described in this report with a horizontal resolution of 2 nau-tical miles will be able to ful�ll the above mentioned requirements within SWECLIMand will contribute also to BALTEX and to the planned main BALTEX experimentBRIDGE (BALTEX, 1997).At the beginning of the �rst SWECLIM phase a decision had to be made about themodel code to be used. High resolution with a corresponding short time step is essentialto resolve the bottom topography and small scale processes with impact on the largescale. Integrations over 10 years or longer with a su�ciently resolved Baltic Sea modelrequires a state-of-the-art super-computer which is available for SWECLIM in form ofthe CRAY-T3E with 272 processors at the Swedish National Supercomputer Centre(NSC) in Link�oping. When SWECLIM started no multi-year integrations were avail-able. Conventional computational capacity did not allow longterm simulations. Noneof the available Baltic Sea models two years ago was suitable for parallel computingwith su�cient performance. Especially, the pre-operationally running forecast modelHIROMB (HIgh Resolution Operational Model for the Baltic Sea) at SMHI was notparallelized. Further on, parameterizations of mixed layer and sea ice schemes withinHIROMB apply to its original purpose of short term forecast rather than to decade-longintegrations. Hence, RCO has been developed within SWECLIM using the OCCAMversion (Ocean Circulation Climate Advanced Modelling Project in Southampton) ofthe Bryan - Cox - Semtner primitive equation ocean model with a free surface (Bryan,1969; Cox, 1984; Killworth et al., 1991; Webb et al., 1997). As the OCCAM projectfocuses on global scales it was necessary to add Baltic Sea speci�c parameterizationslike a turbulence scheme, open boundary conditions, sea ice, etc..The report is organized as follows: In the second and third section the model equationsfor the ocean model and the sea ice model are described. In the fourth section technicaldetails about the used code are outlined. According to the strategy within SWECLIMtwo hindcast periods have been de�ned for evaluating the model using observed at-mospheric forcing data. The �rst period - May 1992 until September 1993 - has been2



chosen testing the model performance during the latest major in
ow event in January1993. First results are presented in the �fth section. An accompanied report will de-scribe the results of the longer hindcast period May 1980 until September 1993 using acoarser grid version of the model presented here. The report ends with summary andfuture outlook.
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2 Ocean model description2.1 Basic model equationsThe model is based on the primitive equations (e.g., Krau�, 1973; M�uller and Wille-brand, 1989) which are derived from the Navier-Stokes equations using the Boussinesq,the shallow water, the traditional and the hydrostatic approximation. The traditionalapproximation neglects the component of the Coriolis force due to vertical currentvelocity. The conservation of momentum, mass, potential temperature and salinity are@u@t + �(u)� fv = � 1�0R cos� @p@� + Fu ; (1)@v@t + �(v) + fu = � 1�0R @p@� + Fv ; (2)�(1) = 0 ; (3)@p@z = �g � ; (4)@T@t + �(T ) = FT + 1�0 cpw @I@z ; (5)@S@t + �(S) = FS ; (6)� = �(T; S; p) (7)with the advection operator�(�) = 1R cos� " @@�(u�) + @@� (v � cos�)#+ @@z (w �) ; (8)� = (T; S; u; v; 1), Coriolis parameter f = 2
 sin�, earth radius R = 6370 km,angular speed of rotation of the earth 
 = 2�=86 164 s, acceleration of gravityg = 9:81ms�2, reference density of water �0 = 103kg m�3, speci�c heat capacityof water cpw = 4:186 � 103J kg�1K�1 and solar insolation I (see Section 2.3).This system of partial di�erential equations (1){(7) can be solved for the 7 dependentvariables velocity u, v, w, pressure p, potential temperature T , salinity S and density �as a function of time t, latitude � and longitude � as well as water depth z (< 0) if anequation of state (7) and boundary conditions are prescribed. The vertical coordinatez is positive upward and zero at the sea surface. Fu, Fv, FT and FS denote thedivergences of turbulent Reynolds 
uxes which are parameterized according to theaustausch concept: Fu = @@z  �t(z) @u@z!+ AM r2u ; (9)4



Fv = @@z  �t(z) @v@z!+ AM r2v ; (10)FT = @@z  �t�t (z) @T@z !+ AT r2T ; (11)FS = @@z  �t�t (z) @S@z !+ AT r2S (12)with r2� = 1R2 cos2 � @2�@�2 + 1R2 cos� @@�  @�@� cos�! (13)(additional metric terms in Fu and Fv are neglected). AM and AT denote horizon-tal austausch coe�cients of viscosity and di�usivity, respectively. �t is the turbulentvertical friction coe�cient and �t the turbulent Prandtl number. As timescales ofbarotropic and baroclinic processes are di�erent, it is more e�cient rather than to in-tegrate Eq.(1){(7) to introduce an external and internal mode with di�erent timesteps.Hence, the hydrostatic equation (4) is integrated verticallyp� p(z = 0) = PL + Z 0z g � dz ; (14)and a free surface �(�; �; t) p(z = 0) =: g �0 � (15)is de�ned which is assumed to be small compared to the water depth H. In (14) use ofthe dynamical boundary condition leads to the introduction of sea surface air pressurePL. With the de�nition of volume 
uxes or mean velocities,U := H �u := Z ��H u dz and V := H �v := Z ��H v dz (16)vertical integration of continuity equation (3) and momentum equations (1) and (2)result in prognostic equations for the external mode@�@t + 1R cos� "@U@� + @@� (V cos�)# = 0 ; (17)@U@t � fV + gHR cos� @�@� = ���0 � H�0R cos� @PL@� � �B��0 +X ; (18)@V@t + fU + gHR @�@� = ���0 � H�0R @PL@� � �B��0 + Y ; (19)withX = � Z ��H �(u) dz � g�0R cos� Z ��H dz Z 0z @�@� dz +AM Z ��H r2u dz ; (20)Y = � Z ��H �(v) dz � g�0R Z ��H dz Z 0z @�@� dz + AM Z ��Hr2v dz : (21)5



According to the boundary conditions wind stress ~� and bottom stress ~�B need to bespeci�ed in Eq.(18) and (19) completing the set of equations. The lateral boundaryconditions are \free slip" for momentum and isolation for tracer:u = v = @T@~n = @S@~n = 0 : (22)~n is a normal vector to the wall. At the ocean surface (z = 0) the boundary conditionsare �0 �t @u@z = �� ; �0 �t @v@z = �� ; (23)�0 cpw �t�t @T@z = QT ; �t�t @S@z = SF ; (24)w ~=@�@t : (25)QT and SF are total heat 
ux at the sea surface without solar insolation and salt 
ux,respectively. At the bottom (z = �H) the corresponding equations are�0 �t @u@z = �B� ; �0 �t @v@z = �B� ; (26)@T@z = 0 ; @S@z = 0 ; (27)w = � uR cos� @H@� � vR @H@� : (28)The equation of state (7) will be discussed in Section 2.4. Use is made of the polynomial�t of Bryan and Cox (1972). Bottom friction is parameterized according to Cox (1984):~�B = �0 cbpu2 + v2  uv ! (29)with u = u(z=�H), v = v(z=�H).The prognostic equations of the internal mode (1), (2), (5), (6) together with the di-agnostic equations (3), (7), (14) and the prognostic equations of the external mode(17), (18), (19) are discretized on the Arakawa{B{grid (Mesinger and Arakawa, 1976)and are integrated asynchronously with a baroclinic timestep �tc and a much smallerbarotropic timestep �tb. A detailed description is given by Killworth et al. (1989).2.2 Sea surface boundary conditionsFor hindcast experiments using atmospheric forcing data like 10m wind speed, 2mair temperature, sea surface air pressure, 2m relative humidity, total cloudiness andprecipitation one need to specify bulk formulae to calculate sea surface 
uxes. The usedparameterizations are outlined below and follow mainly Omstedt and Nyberg (1995).Compared to their heat 
ux package the bulk formulae for sensible and latent heat(Friehe and Schmitt, 1976) have been replaced because Rutgersson (1999) found thatthese formulations applied to the PROBE-Baltic model give too high evaporation andtoo low surface temperatures. 6



2.2.1 Wind stressThe wind stress in Eq.(23) is parameterized according to Large and Pond (1981):~� = cdaw �a ���~U10��� ~U10 (30)with cdaw � 103 = 8<: 1:2 : 0 < ���~U10��� � 11m=s0:49 + 0:065 ���~U10��� : 11 < ���~U10��� � 22m=s : (31)~U10 denotes wind speed in 10m height and �a air density.2.2.2 Heat 
uxThe total heat 
ux through the sea surface QTOT is given by the sum of shortwave ra-diation QSW , longwave incoming radiation QLW #, longwave outgoing radiation QLW ",sensible QS and latent heat 
uxes QL:QTOT = QSW +QLW # �QLW " +QS +QL : (32)The shortwave radiation QS penetrates into deeper ocean layers and is discussed to-gether with the radiation model (Section 2.3). The total heat 
ux without solar inso-lation QT speci�ed in Eq.(24) is given byQT = QLW +QS +QL with QLW = QLW # �QLW " : (33)The sensible and latent heat 
uxes are determined by temperature and moisture dif-ferences between water and air, respectively. The parameterization follows Large andPond (1982) including a stability dependence of the transfer coe�cients. The sensibleheat 
ux QS is given by QS = �a cpa csaw ���~U10��� (Ta � Tw) (34)with air density �a = 1:225 kgm�3, speci�c heat capacity of air cpa = 1:008 �103J kg�1K�1, air temperature Ta and water temperature of the �rst model layerTw (=T in Section 2.1). The transfer coe�cient chaw (Stanton number) is given bycsaw � 103 = ( 1:13 : (Ta � Tw) < 0 unstable0:66 : (Ta � Tw) � 0 stable : (35)The latent heat 
ux QL is given by QL = Law E (36)with Law = 2:5 �106 J kg�1 latent heat of vaporization. The evaporation E is calculatedaccording to E = �a claw ���~U10��� (qa � qw) (37)7



with qa and qw speci�c humidity in 2m height of the atmosphere and close to thewater surface, respectively. claw = 1:15 is the corresponding transfer coe�cient (Daltonnumber).Following Maykut (1986) speci�c humidity is calculated from water vapour pressure eaccording to qa;w = � ea;wP0 (38)with � = 0:62197 and P0 = 1:013 � 105Pa. Water vapour pressure in the atmosphere eaand close to the sea surface ew is derived fromea = U r e c1 TaTa+T0�c2 and ew = r e c1 TwTw+T0�c2 (39)with relative humidity U , r = 6:1078 � 102 Pa, c1 = 17:269, c2 = 35:86K andT0 = 273:155K.The longwave incoming radiation QLW # is calculated according to Bodin (1979)QLW # = �w �s T 4air (a1 + a2 e0:5a ) (1 + a3C2a) (40)with emissivity of the water surface �w = 0:97, Stefan Boltzmann's constant �s =5:68 � 10�8W m�2K�4, total cloudiness Ca and the empirical constants a1 = 0:68,a2 = 0:0036 and a3 = 0:18.The longwave outgoing radiation QLW " is calculated from Stefan Boltzmann's lawQLW " = �w �s T 4w : (41)2.2.3 Freshwater 
uxAccording to Krau� (1973) the salt 
ux SF in the boundary condition for salinity(partial mass, see Eq.24)) is given toSF = �HS S (42)with the freshwater 
ux HS = P �E (43)and precipitation P . This traditional approach is used here. Steinhorn (1991) discussedan inaccuracy in the formulation (42) and suggestedSF = �HS S1� S : (44)As the error for the Baltic Sea surface water is smaller than one percent the traditionalboundary condition is suitable. For the hypersaline Dead Sea the revised formula wouldhave to be used. 8



2.3 Radiation modelShortwave radiation penetrates into the ocean either through the open sea surface orthrough the ice cover (see Section 3). The shortwave energy 
ux through the openwater surface is QSW = Q0SW (1� �w) (45)with incoming solar radiation Q0SW and sea surface albedo �w.According to Bodin (1979) the incoming solar radiation at the sea surface can becalculated from Q0SW = Tu S0 cos � (Tr � Aw)(1�Ca Fa) (46)with the atmospherical turbidity Tu = 0:95, the solar constant S0 = 1:353�103 J m�2 s�1and the zenith angle �. Tr and Aw are transmission and absorption functions and Fais a cloud function: Tr = 1:041� 0:16 cos ��0:5 (47)Fa = 0:55 + 0:01 cos ��1 (48)Aw = 0:077m0:3 cos ��0:3 : (49)The zenith angle � is calculated from latitude �, sun's declination angle � and sun'shour angle �n: cos � = sin� sin � + cos� cos � cos�n (50)with � = 23:44o cos 172:25� d365:25 2�! (51)(d is the day of the corresponding year) and�n = (1� ts12)� ; ts 2 [0; 24[ : (52)(ts is the hour of the corresponding day). The model time is calculated from an exactcalendar including leap years. The daily cycle is included in the model. m is the opticalpath length and is given bym = 1:25 + 0:75 sin 2� d� 120365:25 ! : (53)The albedo is calculated from Fresnel's formula�w = 12  sin2(� �  )sin2(� +  ) + tan2(� �  )tan2(� +  )! (54)with the refraction angle  = arcsin(sin � =1:333).9



The divergence of absorbed intensity I of the penetrated shortwave radiation is heatingthe water column (see Eq.(5)). This e�ect can contribute to summer time warming ofup to 2oC in 10m depth (Meier, 1996) and is included in the model. The solar intensityis parameterized according to Paulson and Simpson (1977) with two extinction lengthsI = QSW hRSW e z�1 + (1�RSW ) e z�2 i (55)with RSW = 0:64, �1 = 1:78m and �2 = 3:26m. Usually optical water types areclassi�ed according to Jerlov (1968) but not very detailed information is available forthe Baltic Sea. Jerlov classi�ed the Skagerrak water as coastal water type 1 andthe Baltic proper as coastal water type 3 without giving the corresponding extinctionlengths. Hence, climatology data from Dera (1992, see his Tab. 5.3.1) has been usedto optimize the unknown constant RSW and the extinction lengths �1 and �2 utilizing aleast-squares �t. The available data are average monthly means of solar energy over theentire spectrum reaching particular depths in the southern Baltic. The optimizationprocedure has been done as described in Paulson and Simpson (1977). For comparison,the most turbid optical water type III for oceans according to Jerlov (1968) uses thevalues RSW = 0:78, �1 = 1:4m and �2 = 7:9m.Not very much is known about the parameterization of clouds in Eq.(46). Very di�er-ent approaches are used in the literature (e.g. Reed, 1977; Parkinson and Washington,1979; Bodin, 1979). Three di�erent radiation models are compared by Niekamp (1992)but he could not decide about the quality due to erroneous radiation data. Hence, theradiation model could be used only to estimate the solar insolation.The e�ect of various parameterizations of shortwave, longwave, sensible and latent heat
uxes on the sea surface heat budget of the Arctic Ocean and Nordic Seas has beenshown by Simonsen and Haugan (1996).2.4 Equation of stateThe equation of state of sea water is calculated using a third order polynomial ap-proximation in form of sigma anomalies. The method is taken from that described byBryan and Cox (1972). The coe�cients compute density as a function of temperatureand salinity at predetermined depths as used in the model. The equation of state isset by the Joint Panel on Oceanographic Tables and Standards (UNESCO, 1981) asdescribed by Gill (1982). An iterative least-squares polynomial �tting for the overde-termined system is performed.Other authors like Lehmann (1995) or Meier (1996) use the equation of state fromMillero and Kremling (1976) which is better adjusted to Baltic Sea conditions becausedissolved solids from river water input are considered additionally. As the di�erencesfor the range of Baltic Sea temperatures and salinities are smaller than 10�4 g cm�3 andas the equation from Millero and Kremling (1976) is computationally more expensive,the polynomial �t of the UNESCO formula is used here.10



2.5 Model domain and resolutionAs outlined in the introduction RCO has been developed to simulate 10 year timesliceexperiments of control and scenario simulations. The water exchange between Balticand North Sea is mainly governed by the sea level di�erence between Kattegat andwestern Baltic Sea. Hence, it is necessary at least to include the North Sea in themodel domain to simulate sea level elevations in the Kattegat. As the whole shelf canbe �lled up with water during intense storm surges (Bertil H�akansson, pers. comm.)also the signal of the North Atlantic has to be taken into account. Under special cir-cumstances these storms lead to major Baltic in
ow events replacing the bottom waterof the Baltic Sea. As will be shown in Section 5, the salt water transports into theBaltic are dependent on the hydrography in the Kattegat. Under normal meteorolog-ical conditions low saline Baltic Sea water 
ows out through the Danish Straits. TheBelt Sea front and the Kattegat - Skagerrak front separate Baltic and North Sea water(Wattenberg, 1941). During in
ow events these fronts move towards the sills in theDanish Straits (Meier, 1996). Adequate modelling of the Kattegat and Skagerrak hy-drography makes it necessary to simulate the whole North Sea. Hence, the �nal modeldomain of RCO will cover Baltic and North Sea (Fig.1) with open boundary conditionstowards the North East Atlantic and in the English Channel. A storm surge modelbased on the shallow water equations will be used to model the wind forced sea levelsoutside the border of RCO forced by the atmospheric regional model. These resultswill be added to available tide data and provide the necessary information at the openboundaries. To reduce the computational burden during the development and testingphase a smaller model domain with open boundaries in the northern Kattegat hasbeen used. In Section 5 results of the limited area version of RCO (Baltic Sea only)are presented. Henceforth this model con�guration will be named RCO version 1.0.For realistic simulations of the Baltic Sea a �ne model grid in horizontal and verticaldirection is necessary to resolve the topography of the Danish Straits and other sills andnarrows and to describe over
ow and other small scale processes with impact on thelarge scale. The width of the narrowest part of the Sound near Helsing�r-Helsingborgamounts 4 km approximately. Dar� Sill with a depth of about 18m separates the BeltSea from the Arkona Basin. The Sound has a sill depth of only 7m at the south en-trance (Drogden). The topography is shown below (Fig.3).Further, horizontal salinity fronts and strong vertical strati�cation have to be resolvedtoo. For example, after the salt water in
ow event in 1993, in mid-February, the ver-tical salinity gradient between the mixed surface layer water in the Arkona Basin andthe salty bottom water amounted 13PSU per 5m (Meier, 1996).A third argument for high resolution is given by the size of internal Rossby radii. Onthe basis of a data set recorded in the Baltic Sea during 1977 - 1987 Fennel et al.(1991) found that the Rossby radii show a seasonal cycle with minimum values duringwinter and autumn, and maxima during summer. The largest Rossby radius, 7 km,was found in the Bornholm Basin and the smallest ones, 1:3 km, in the Belt Sea andin the Gulf of Finland during autumn. Similar results were reported from Aitsam and11



Figure 1: The target model domain of RCO covers the whole North Sea and the BalticSea.Elken (1982). As the relation between eddy and mean transports are unknown yet, aneddy permitting model is desirable.Hence, we have chosen a model resolution of 2 nautical miles in horizontal directionas a compromise (�� = 2 0, �� = 4 0). In vertical direction the model makes use of41 levels with layer thicknesses from 3m close to the surface to 12m near the bottom.The maximum depth in RCO version 1.0 is 250m. The vertical distribution of levels isshown in Fig.2. For comparison the vertical grid of the coupled Kiel Baltic Sea modelis shown (Hagedorn et al., 1999). Our higher resolution, even close to the bottom, isbene�cial for representing deep water over
ows between the Baltic sub-basins.12



Figure 2: Vertical resolution of RCO and the Kiel Baltic Sea model (BSMO) as usedby Hagedorn et al. (1999).Due to the computational burden a course version with horizontal resolution of 6nautical miles has been used additionally (see results of the coupled ice-ocean modelin Section 5.7).2.6 Bottom topographyThe model depths are based on realistic bottom topography data (Seifert and Kayser,1995) as shown in Fig.3. Seifert and Kayser (1995) compiled a high resolution gridtopography of the Baltic Sea east of 9oE. The Belt Sea was sampled with a resolutionof �� = 0:5 0 and �� = 1 0 (� 1 km) in steps of 1m, the remaining parts of the BalticSea with �� = 1 0 and �� = 2 0 (� 2 km) in steps of 1m in the depth range 1m - 50m,of 5m in the depth range 50m - 150m and of 10m for depths greater than 150m. ForRCO the data have been �ltered and corrected by hand in the Danish Straits to ensure13



Figure 3: Bottom topography of the Baltic Sea including Kattegat and Skagerrak (datafrom Seifert and Kayser, 1995). 14



observed strait cross sections. All model grid points are connected to each other viaadvective horizontal or vertical transports on the Arakawa B-grid.2.7 Open boundary conditions2.7.1 OverviewOne of the most important and most problematic aspects of regional ocean models isthe open boundary conditions, connecting the model area to the open sea. The �rstrequirement on these conditions is that they must be numerically stable. Even this isnontrivial: it is well known that seemingly reasonable numerical boundary conditionsmay destabilize otherwise stable �nite di�erence schemes. The second requirement isaccuracy: a signal (for example a tidal wave or a Kelvin wave, or an advected tem-perature anomaly) propagating outward should not be arti�cially re
ected at the openboundary. Likewise, in the case of active boundary conditions (with time dependentdata outside the model domain), signals propagating inward from the open sea shouldbe allowed to enter the model domain.In a test version of RCO used in this section, the open boundary is a north-south linein Skagerrak, from southern Norway to northern Denmark. It is intended that in theclimate runs the temperature and salinity �elds will be provided by a global oceanmodel and the sea surface height (SSH) from a storm surge model. In the test runsdescribed below, the value of SSH was taken from hourly tide gauge measurements atSm�ogen, a Swedish station in Skagerrak. In order to model the in
ows through theDanish Straits accurately, it is essential that incoming waves from the North Sea aregenerated correctly by the active boundary conditions.In the near future, we intend to include the North Sea in the model area. The openboundaries to the North Atlantic Ocean will then be much longer than in the presentversion of the model, and the importance of the open boundary conditions even greater.The time step and the basic numerical scheme in the model are very di�erent for thebaroclinic (three-dimensional) and the barotropic (two-dimensional) variables. Hence,the open boundary conditions are also di�erent. The boundary conditions implementedfor the baroclinic variables are the same as those proposed by Stevens (1990, 1991),and later used by several other authors (e.g., Meier and Krau�, 1994; Meier, 1996).Brie
y, this means that the tracer �elds at the boundary are relaxed toward prescribedvalues for in
ow, while a radiation condition is used for out
ow. The baroclinic ve-locity at the boundary is calculated from the linearized equation of motion, neglectingadvection and calculating the di�usion term by simple extrapolation. (This will keepthe velocity close to geostrophic.)The barotropic boundary conditions proposed by Stevens cannot be used, since hismodel employed a streamfunction formulation, in contrast to our formulation with afree surface. In the present model the SSH is relaxed toward the prescribed value at15



the boundary, following a normal time-step calculated by extrapolating the velocities.Distinct sponge zones are used for the baroclinic and barotropic variables. In the baro-clinic one enhanced di�usion and viscosity coe�cients may be used. In the barotropicsponge zone the SSH is relaxed toward the prescribed boundary value, and a nonzerobarotropic viscosity may be used.2.7.2 Baroclinic �eldsFor simplicity we only consider a western boundary, and use Cartesian coordinates inthe equations below (actually spherical coordinates are used in the model).At out
ow, the radiation condition for a tracer T (temperature or salinity) proposedby Stevens is @T@t + (u+ cT )@T@x = �t�t @2T@z2 +ATr2T: (56)Here u is the advection velocity, while cT is a correcting phase speed which is calculatednumerically from the �nite di�erence form of the equation@T@t + cT @T@x = 0; (57)at points adjacent to the boundary at the previous timestep. The two velocities u andcT in Eq.(56) re
ect two di�erent physical mechanisms by which a tracer signal mayreach the boundary: by advection of a tracer anomaly, or by an internal wave, whichhas a signature in the tracer �elds.With the boundary at i = 1, the �nite di�erence form of Eq.(56) isT n+11;j;k � T n1;j;k�t = �(u�nj;k + cnTj;k)T n2;j;k � T n1;j;k�x + F n�11;j;k ; (58)where F n�11;j;k is the usual second order di�usion term calculated as in the interior re-gion, with the tracer value in the point outside the boundary given by extrapolation(i.e. e�ectively setting T n0;j;k = T n1;j;k). The biharmonic di�usion term as part of theadvanced advection scheme (Section 2.8) which is used in the interior is dropped atthe boundary points. With the B-grid used in the model, the advecting velocity ata western boundary point is taken as u�nj;k = (un1;j;k + un1;j�1;k)=2 if negative, otherwiseu�nj;k = 0. The correcting phase speed is given bycnTj;k = ��x�t T n2;j;k � T n�12;j;kT n3;j;k � T n2;j;k (59)for ��x=�t � cnTj;k � 0, with cnTj;k set to its bounds if these are exceeded by theexpression (59).Equation (58) is used if u�nj;k + cnTj;k < 0 ("out
ow"). In the opposite case, at "in
ow",the tracer is relaxed toward the prescribed boundary value Tb:T n+11;j;k = T n1;j;k + �(Tb � T n1;j;k) (60)16



where � is a suitable relaxation constant.The momentum equations are linearized at the open boundary:@u@t � fv = � 1�0 @p@x + �t@2u@z2 +AMr2u; (61)@v@t + fu = � 1�0 @p@y + �t@2v@z2 + AMr2v: (62)This keeps the velocity close to geostrophic, which makes it consistent with the density�eld. Since the last u-point at the open boundary is inside the last T -point (where thepressure is de�ned), the pressure term in Eq.(61) can be calculated as in the interior.The velocity in the �rst point outside the boundary, which is needed for the horizon-tal di�usion term, is obtained by extrapolation, similarly as for the tracer calculation.Again, the biharmonic di�usion term used in the interior is dropped at the boundarypoints.Inside the open boundary there is a baroclinic sponge zone, whose width is typicallyset to about �ve or ten grid points. In this zone, the ambient horizontal di�usioncoe�cients AT and AM are multiplied by enhancement factors that taper o� linearlytoward the interior. This is done in order to stabilize the scheme and remove unwantedre
ections at the boundary.2.7.3 Barotropic �eldsIn general, we have found that the barotropic boundary conditions, in particular theactive ones, easily cause numerical instabilities. Stevens used the Sverdrup balance toobtain an active boundary condition for the barotropic streamfunction (Stevens, 1990),but this can obviously not be done in a regional model with a free surface. A radiationcondition has been used by Stevens for the barotropic streamfunction in the passivecase, and by Mutzke (1998) for the free surface in a similar model as the present one.We have also tried a radiation condition for the free surface, but found that this isunstable.The basic equations used for the barotropic variables �; �u and �v in the model are thelinearized shallow water equations:@�@t + @@x (H�u) + @@y (H�v) = 0; (63)@�u@t � f �v = �g @�@x + Fx; (64)@�v@t + f �u = �g@�@y + Fy; (65)whereH is the equilibrium depth (de�ned by the topography) and Fx and Fy are forcingterms which include the vertically averaged in
uence from the baroclinic �elds. (Theyare thus constant during a baroclinic time step.) These equations are solved using a17



leapfrog scheme, with a semi-implicit treatment of the Coriolis terms. In addition tothis, a smoothing spatial �lter is added to the calculation of � at a few selected timesteps, in order to avoid a chequerboard pattern.The outermost u-points at the open boundary, where �u and �v are de�ned, are inside theoutermost T -points, where � is de�ned. Hence, the velocities �u and �v at these pointscan be calculated using the same scheme as in the interior region without supplyingany extra information.To calculate � at the boundary, on the other hand, the velocities in the �rst pointoutside the boundary are needed. They are de�ned by extrapolation, which in e�ectmeans that only the velocity component parallel to the boundary contributes in Eq.(63).In addition, a relaxation term toward the prescribed boundary value �b is included inthis equation. The �nite di�erence form of the condition at a western boundary ati = 1 is thus �� � �n�11;j;k2�t = H1;j;k�vn1;j;k �H1;j�1;k�vn1;j�1;k�y ; (66)and �n+11;j;k = �� + �(�b � ��); (67)where � � 1 is a suitable positive relaxation constant.If � = 1, � is simply set equal to �b at the boundary, and the extrapolation has noe�ect. No wave can then propagate across the boundary, and all incident waves aretotally re
ected. (With �b = 0, this is the appropriate boundary condition between ashelf and an in�nitely deep open sea.) Furthermore, with a time-dependent �b, it hasbeen seen that numerical instabilities appear. (Typically, the vertical velocity exceedsthe CFL limit near the point where the open boundary and the coast meet. Thus, itmay not be a purely barotropic instability in the sense that the barotropic mode isself-amplifying; the problem is rather that its amplitude gets too large in some points.)If, on the other hand, � = 0, the value of �b is not felt at all, and we in e�ect have apassive boundary condition corresponding to @�u=@x = 0 and @�v=@x = 0 in the contin-uum limit. For a plane wave at normal incidence to the boundary, this is equivalentto setting � = 1 and �b = 0, and such a wave is totally re
ected. On the other hand,wave propagation along the boundary is now possible, and waves incident at an obliqueangle should therefore be less than totally re
ected.We have examined two ways of stabilizing the active boundary condition, both em-ploying a barotropic sponge zone. The �rst method is to use the relaxation procedurein Eq.(67) not just at the boundary, but in the whole sponge zone, with a relaxationconstant � that tapers o� to zero inward.The second method is to introduce a viscous term 0:5Abtf(�x)2r2�u in Eq.(64) in thesponge zone, and similarly in Eq.(65). (Otherwise, the leapfrog scheme is inviscid ex-cept for the �ltering done in selected time steps.) The viscosity coe�cient Abt is de�ned18



in such a way that Abt = 0:25 gives a characteristic damping time of one inertial periodfor grid scale noise. (That is, with this value the real and imaginary parts of the eigen-frequency of the "computational inertial mode" are equal.) The viscosity constant Abttapers o� to zero inward in the sponge zone.Extensive tests of the barotropic boundary condition have been made with a courseresolution version of the model, �x = 0:18 degrees and �y = 0:09 degrees. This ver-sion of the model had a simpli�ed topography truncated at the depth 250m near theopen boundary in Skagerrak. Tests with higher resolution and a realistic topographyare underway. The baroclinic timestep was 300 s, and the barotropic one 15 s.Two di�erent sets of initial �elds were used, the �rst one with realistic vertical tem-perature and salinity pro�les, and the second one with constant salinity and a simpli-�ed temperature pro�le based on a zonally averaged Levitus climatology. The time-dependent value �b used at the boundary was either taken as sinusoidally varying withamplitude 50 cm and period 12 hours, or else de�ned from tide gauge measurementsat Sm�ogen, in particular from January 1993, when the SSH variability was unusuallylarge. Linear interpolation in time was done between the hourly measurements. Nometeorological forcing was applied at the sea surface.In all tests the model was run for at least 8 days (if possible), and in some cases for 30or 90 days. With a sinusoidal SSH variation at the boundary, the numerical instabilityalways occurred during the �rst two days.If the SSH at the boundary was directly prescribed (i.e. � = 1) and no sponge zonewas employed, numerical instability occurred with all combinations of initial �elds andSSH variation, except with the simple initial pro�les based on Levitus' climatologyand a sinusoidal SSH variation. The width of the sponge zone was then set to �ve gridpoints, and a number runs performed with di�erent values of the relaxation coe�cient� and the barotropic viscosity coe�cient Abt.In all cases, a value of � = 0:5 was found to be small enough to stabilize the model.This value is perhaps surprisingly large, and in fact gives a very sti� relaxation, with atimescale of only two barotropic time steps. Thus, on the scale of one baroclinic timestep this is practically equivalent to a direct prescription of the boundary SSH.The model could also be stabilized by a nonzero barotropic viscosity in the spongezone. (In this case we used � = 1 and no relaxation in the sponge zone.) When usingrealistic initial pro�les, it was found that a value of Abt = 0:4 at the boundary wasneeded for stability with a sinusoidally varying SSH, while Abt = 0:8 was needed withthe Sm�ogen data. With the simple initial pro�les based on Levitus' climatology com-bined with Sm�ogen data for the SSH, Abt = 0:4 at the boundary was necessary.Our tentative conclusion is that relaxing the SSH in a sponge zone is the most e�cientway of stabilizing the boundary condition. While it is also possible to use barotropicviscosity, the value of the viscosity coe�cient needed depends more on the situation,19



and is rather large.2.7.4 Implementation of open boundaries in RCO 1.0The open boundary conditions described in the previous sections have been imple-mented in RCO version 1.0, i.e., the model border is located in the northern Kattegaton the same latitude as the Danish city Frederikshavn. Sea level, temperature andsalinity data need to be speci�ed at the boundary.Hourly sea level data from the tide gauges Frederikshavn and Ringhals (Varberg) areprescribed. For the results in Section 5 the mean of 1992/1993 has been subtractedfrom each time series and replaced by the geodetic solution from Ekman and M�akinen(1996), i.e., ��F = �11:1 for Frederikshavn and ��R = �1:4 for Ringhals. In addition,the sea level data have been lowpass �ltered to eliminate the semi-diurnal and diurnaltides. Only in Kattegat, Danish Straits and Belt Sea the tidal signal is important withamplitudes of 10 cm (Maagard and Rheinheimer, 1974). In the interior of the BalticSea the tidal signal can be neglected. The sea level elevation between the two tidegauge stations have been linear interpolated.From the Swedish Ocean Archive SHARK (Svenskt HavsARKiv, SMHI) temperatureand salinity pro�les from the open sea monitoring station Anholt East in the Kattegat(56oN 40:00 ; 12oE 7:00, cf. Fig.5) have been extracted and mean pro�les for the period1980 until 1993 have been calculated. In the area of the model boundary the Skagerrak-Kattegat front is located with rapid changes of its position on daily timescales (Jakob-sen, 1997). Due to the lack of data resolving the northern Kattegat hydrography themean pro�les are used as open boundary conditions. Hence, it is obvious that themodel will not perform very well in the Kattegat. The sensitivity of the model interiorin dependence of the salinity pro�les used for the open boundary conditions are shownin Section 5.2.8 Advection schemeEarlier versions of the Bryan-Cox-Semtner ocean model had a problem in the advectionscheme. Approximations involved in deriving the �nite-di�erence momentum equationlead to an error in the estimated vertical 
ux of momentum. The error is largest infeatures that are only just resolved by the model grid and the magnitude of the largesterror increases as the grid size is reduced. As a result, in ocean models like RCO thatare just eddy resolving, the error can have a signi�cant e�ect on the overall balance ofmomentum. Webb (1995) presented an improved �nite-di�erence scheme that greatlyreduces the error. The scheme is implemented in OCCAM and RCO.Leonard's widely used QUICK advection scheme (Leonard, 1979) is , like the Bryan-Cox-Semtner ocean model, based on a control volume form of the advection equation.Unfortunately, in its normal form it cannot be used with the leapfrog-Euler forward20



time-stepping schemes used by the ocean model. Farrow and Stevens (1995) over-came the problem by implementing a predictor-corrector time-stepping scheme withthe drawback to be computationally expensive to run. Webb et al. (1998) showedthat the problem can be overcome by splitting the QUICK operator into an O(�x2)advective term and a velocity dependent biharmonic di�usion term. These can thenbe time-stepped using the combined leapfrog and Euler forward schemes of the Bryan-Cox-Semtner ocean model, leading to a signi�cant increase in model e�ciency. A smallchange in the advection operator coe�cients leads to O(�x4) accuracy. The improvedscheme is used in OCCAM and RCO.2.9 Bottom frictionIn the model unresolved bottom roughness is parameterized according to Cox (1984)using a second order law for bottom friction (Eq.(29)). As during the major in
owin January 1993 the accumulated transport through the Danish Straits into the Balticis known from observations (e.g., Matth�aus et al., 1993; Jakobsen, 1995), the bot-tom friction coe�cient cb can be determined comparing model and observed trans-ports. Provided that the critical strait cross sections are correct Meier (1996) derivedcb = 0:5 � 10�3.2.10 Horizontal frictionHorizontal viscosity and di�usivity are parameterized using a harmonic approach(Eq.(9) { (12)). The role of horizontal friction in high resolution Baltic Sea models isdiscussed by Meier (1996) who also tested scale dependent approaches like biharmonicfriction or the Smagorinsky scheme (Smagorinsky, 1963). We have tested di�erentvalues for the constants AM and AH in the range AM = 5 � 101 � 5 � 103m2=s andAH = 1 � 101 � 5 � 102m2=s. For 10 year runs it is important to choose di�usivityas small as possible. Minimum values for horizontal friction are necessary to ensurenumerical stability of the explicit discretization scheme.2.11 Turbulence model2.11.1 Equations for turbulent kinetic energy and dissipationAs shown by Baumert et al. (1997), the two commonly used second moment turbulenceclosures, the k�� (Svensson, 1978; Rodi, 1993) and the k�l model (Mellor and Yamada,1982), can be written in a canonical presentation. Despite the parameterization of theinteraction of turbulence and strati�cation, the two model types behave rather similar.It is decided to use the k��model. Additionally, two prognostic equations for turbulentkinetic energy (TKE) and for dissipation of TKE has to be solved at every grid point21



of the three-dimensional model:@k@t � @@z  �t�k @k@z! = P +G � � ; (68)@�@t � @@z  �t�� @�@z! = c� 1 �k (P + c�3 G) � c� 2 �2k ; (69)with P = �t 24 @u@z!2 +  @v@z!235 ; G = ��t�t N2 ; (70)�t = c� k2� : (71)Here, k denotes TKE, � dissipation of TKE, �t the turbulent friction coe�cient, u andv horizontal velocity components and N the Brunt-V�ais�al�a frequency. The constantsare given in Table 1 according to Rodi (1993). In case of unstable strati�cation theconstant c� 3 is set equal to 1 to ensure complete mixing between adjacent grid boxes.c� c� 1 c� 2 c�3 �k ��0.09 1.44 1.92 0 1 1.3Table 1: Constants of the k � � model (Rodi, 1993).The turbulence model gives no information about the turbulent Prandtl number �t sothat an empirical formula has to be used to complete the mixing scheme. In severalexperiments we get the best results using a Richardson number dependent Prandtlnumber (Blanke and Delecluse, 1993).�t = 8><>: 1 : Ri � 0:25Ri : 0:2 < Ri � 210 : 2 < Ri : (72)Here Ri denotes the gradient Richardson number. A constant turbulent Prandtl num-ber results in a too strong erosion of the halocline. It turned out that probably thegreatest problems of the k � � model are related to the unknown turbulent Prandtlnumber and the unknown constant c� 3 (see also Burchard and Baumert, 1995). Moredetails are given by Meier (1999).2.11.2 Surface 
ux boundary conditions for the k � � modelCommonly, Dirichlet boundary conditions are used for the k � � turbulence model.At the surface a logarithmic boundary layer is assumed with balance between shearproduction P and dissipation � (Svensson, 1978):P +G != �; l != � (z0 � z) (73)22



with von K�arm�an's constant � and roughness length z0 (the exclamation marks indicatethat above equalities are assumed to be valid). In case of high vertical resolutionthese boundary conditions are only slightly dependent on the surface roughness length.Within the boundary layer dissipation decays inversely proportional with the distancefrom the surface. Contrary, measurements show that dissipation decays much fasterwith the second or third power (see Craig and Banner, 1994; Craig, 1996). Due tobreaking surface gravity waves a turbulence enhanced layer is developed which controlsthe vertical 
ux of TKE from the wave �eld to the mixed layer interior. Therefore 
uxboundary conditions are included which are calculated from an analytical solutionof the TKE equation basing on the assumption of a balance of TKE di�usion anddissipation (Craig and Banner, 1994):@@z  �t�k @k@z! != �; l != � (z0 � z) : (74)From the assumed balance (74) the following 
ux boundary conditions are derived:�t�k @k@z �����z=� � z2 = m u3? + � z0B0�1 + � z2 z0 �n ; (75)�t�� @�@z �����z=� � z2 = a� (m u3? + � z0 B0) 43z0 �1 + � z2 z0 � 4n3 +1 (76)with n = s32 �kc� cd� (77)and cd = 0:16. The value of the constant a� is given bya� = c 13��� �3�k4 � 23  s3�kc� cd� + 1! : (78)Further, u? is friction velocity, B0 surface buoyancy 
ux, m = 100 a constant givenby Craig and Banner (1994) and � z = 3m is the vertical grid distance. The surfaceroughness length is calculated from Charnock's formula (Charnock, 1955):z0 = � u2?g (79)with � = 1400 (Ly, 1990). In case of sea ice u? is not calculated from wind stress butfrom the corresponding ice-ocean stress (Equation (131)).It has been shown that the results of the k � � model converge towards the approxi-mate solution from which the 
ux boundary conditions are calculated. The depth ofthe turbulence enhanced surface layer depends only from the roughness length. Theapproach of the here derived 
ux boundary conditions makes only sense as long as thedepth of the turbulence enhanced surface layer is larger than � z=2, i.e., z0 > 35 cm if23



� z = 3m.It turned out that the main di�erence between Dirichlet and Neumann (or 
ux) bound-ary conditions is the dependence on the surface roughness length in the range between10 cm up to 1m. In case of 
ux boundary conditions the friction coe�cients are muchmore sensitive against changes of the roughness length than in case of Dirichlet bound-ary conditions.2.12 Initial conditionsFor the calculation of initial temperature and salinity �elds the model domain has beendivided into 14 boxes. The borders have been chosen according to topographic featureswhich determine the hydrography of the sub-basins. These sub-basins are comparableto the boxes of Omstedt's model (1990) and shown in Fig.4. Temperature and salinity

Figure 4: Division of the Baltic Sea into sub-basins for the calculation of initial �eldsfor temperature and salinity.pro�les from the SHARK data base (Svenskt HavsARKiv, SMHI) have been selected tocompile initial conditions for May 18, 1992. Single pro�les of temperature and salinityobserved closest to the chosen date have been attached to each sub-basin. This methodensures an unsmoothed vertical density structure. In Fig.5 the positions of 29 availableopen sea monitoring stations of the SHARK data base are shown. May 18 was selectedbecause around this date most of the boxes could be �lled up with data. Tab.2 listssub-basins and corresponding pro�les. 24



Figure 5: Positions of selected open sea monitoring stations of the SHARK data base(Svenskt HavsARKiv, SMHI).The initialization of models is quite often a problem because observations are missingand the model results depend crucially on initial conditions. The strategy employedhere is simple and not applicable for integration periods shorter than the horizontaladvective timescale. However, for multi-year model studies it is more important tostart with correct initial vertical strati�cation within each sub-basin than with correctinitial horizontal gradients. The vertical salinity distribution in the Baltic Sea changeswith di�usive timescale if there are no salt water in
ows. The di�usive timescale ofthe order of decades is much longer than the advective timescale of the order of weeksto months. Hence, a spin-up integration of 3 months should be more than su�cientto smooth out unrealistic sharp gradients in the horizontal without changing vertical25



Nr. Sub-basin Station Date Comment1 Skagerrak M6 19920505 not used in RCO 1.02 Kattegat Anholt East 199205183 �Oresund Western Landskrona 199205194 Belt Sea Great Belt no data initialized as �Oresund5 Arkona Basin BY2 199205196 Bornholm Basin BY5 (Bornholm Deep) 199205207 EasternGotland Basin BY15 (Gotland Deep) 199205218 NorthwesternGotland Basin BY31 (Landsort Deep) 199205199 Gulf of Riga 19920525 not from SHARK10 Gulf of Finland LL07 19890507 not from SHARK11 Archipelago Sea no data initialized as �Aland Sea12 �Aland Sea F64 1992052313 Bothnian Sea SR05 1992052414 Bothnian Bay F9 19920527Table 2: Sub-basins, corresponding monitoring stations and observations times.gradients. The results in Section 5 show that this strategy is justi�ed. Due to thehigh variability of salt water in
ows (Matth�aus and Frank, 1992) and river discharge(Bergstr�om and Carlsson, 1994) the Baltic Sea is never in steady state and usually farfrom its mean. Hence, climatologies (Bock, 1971; Lenz, 1971; Janssen et al., 1999) areunsuitable as starting �elds for 10 year integrations.2.13 Atmospheric forcingThe atmospheric forcing data are three hourly maps for sea level pressure [Pa],geostrophic wind components [m=s], air temperature in 2m height [oC], relative humid-ity in 2m height [%] and total cloud cover [%] from the SMHI data base (Lars Meuller,pers. comm.). In addition, at 06 and 18UTC also 12 hourly accumulated precipita-tion [mm] is used. If no precipitation data are available, climatological areal estimates(1951-1970) from Dahlstr�om (1986) have been used. The SMHI data base is availablefrom 1979 onwards and is updated regularly. The horizontal resolution is one degreeand the grid is not rotated. The maps cover the latitudinal range 49:5oN � 71:5oNand the longitudinal range 7:5oE � 39:5oE.As only geostrophic wind �elds are available a boundary layer parameterization hasto be used to calculate wind speeds in 10m height. According to Karger (1995) andBumke (1997, pers.comm.) the dependence of the reduction coe�cient from the dis-tance to the coast has to be taken into account. They correlated the ratio betweengeostrophic wind speeds and onshore and o�shore wind speeds observed on tradingships in the Baltic Sea with the distance to the coast. Corresponding to land and opensea Karger (1995) calculated matrices of reduction coe�cients in the range between26



0:45 and 0:86. Improved analysis from Bumke (1997, pers.comm.) gave the range be-tween 0:53 and 0:71. Here a simpli�ed scheme has been implemented with coe�cientsvarying independent of the wind direction linear between 0:5 at the coast and 0:7 fordistances greater than 50 km. The wind mask used in RCO is shown in Fig.6. A con-

Figure 6: Mask used for the calculation of 10m wind speeds. The reduction coe�cientis 0.7 in black areas.stant ageostrophic angle of 17 degrees has been used according to Bumke and Hasse(1989). Karger (1995) related the ageostrophic angle � to the stability �T = Ta � Twand got the rather large value � = 25:5 + 1:7�T . Meier (1996) assimilated sea leveldata and measurements of surface wind �elds from trading ships into a Baltic Sea modelto optimize planetary boundary parameterization using a variational method based onthe adjoint technique. He got as result 0:71 � 0:02 for the reduction coe�cient and27



23:7� 0:5 o for the ageostrophic angle. It should be noted that the major shortcomingof the scheme used in RCO is probably the lack of stability dependency.As the SMHI data base maps are not available for the North Sea and as the wind �eldsare only geostrophic wind speeds a new version of RCO is under preparation usingECMWF reanalysis data (ERA). Therefore, at the Rossby Centre surface data fromthe ERA period January 1980 until February 1994 covering the area 20oN � 90oN ,90oW � 90oE with a resolution of 2:5 degree have been prepared (Anders Ullerstig,pers.comm.). The variables are surface pressure, surface temperature, temperature at2m, dewpoint temperature at 2m, wind at 10m, land/sea mask, precipition, latentheat 
ux, sensible heat 
ux, clouds (L, M, H) and total cloud cover.2.14 River Runo�2.14.1 DataThe river runo� data have been taken from the BHDC data base at SMHI (BALTEXHydrological Data Centre). The data do not only represent the in
ow by major rivers,but the runo� through coastal segments including also estimated smaller runo� ways.This data base is documented thoroughly by Bergstr�om and Carlsson (1994). Theperiod 1980 - 1993 is covered for RCO. The data base does not include Numedalslagen,a river in southern Norway. It has been added to the runo� data for RCO from theHIROMB data base.For RCO we picked the 30 (31) most important coastal segments. They sum up to13 864 m3s�1 (14 464 m3s�1 including Numedalslagen). The total observed contribu-tion of river runo� to the Baltic Sea catchment area is 15 310 m3s�1 for the period1950 - 1990 (Bergstr�om and Carlsson, 1994). However for the period 1982 - 1993, thetotal observed river runo� is 16 404 m3s�1. As the last period is more relevant forthe veri�cation of RCO, the reference transport is taken from 1982 - 1993. 31 RCOrivers cover 85% of 17 404m3s�1 (16 404 + 600 (Numedalslagen)). The remaining 15%are distributed over the segments proportional to their mean transports by applyinga factor 1=0:85 = 1:18 to the volume transport. This ensures the supply of a correctamount of freshwater to the Baltic Sea including Kattegat and Skagerrak.The coastal segments have been named after the biggest rivers within their range.Table 3 lists the segments together with its mean volume transports between 1980and 1993. Transports di�er from Bergstr�om and Carlsson (1994) due to di�erent timeperiods. The positions are visualized in Fig.7.2.14.2 Implementation of River Runo�RCO employs a free surface according to Killworth et al. (1991), e.g. the surface canfreely move up and down as a result of continuity. This gives us the possibility toadd the river runo�'s volume per second on top of the existing water column. The28



Nr. Longitude Latitude Transport Seg Nr Name1 30.13 59.95 2584 3003 NEVA2 18.93 54.35 1026 7001 VISTULA3 23.20 65.71 749 1001 KALIXAELVEN4 24.00 57.05 728 3014 DAUGAVA (DAGUA)5 17.53 62.41 653 1011 INDALSAELVEN6 21.06 55.71 651 3016 NEMAN7 22.06 65.45 603 1002 LULEAELVEN8 11.73 57.65 600 1037 GOETAAELV9 24.53 65.71 593 2101 KEMIJOKI10 17.93 62.81 575 1010 ANGERMANAELVEN11 14.26 53.95 517 7004 ODRA/ODER12 20.33 63.65 502 1007 UMEAELVEN13 28.00 59.45 453 3005 NARVA14 17.40 60.65 442 1015 DALAELVEN15 26.86 60.41 344 2129 KEMIJOKI16 21.53 61.58 273 2117 KOKEMAEENJOKI17 25.40 65.01 272 2105 OULUJOKI18 17.20 61.18 258 1014 LJUSNAN19 21.66 65.35 205 1003 PITEAELVEN20 21.53 57.38 201 3015 VENTA21 21.26 64.65 194 1005 SKELLEFTEAELVEN22 18.66 59.35 186 1019 NORRSTROEM23 19.86 54.61 179 3017 PREGOLIA24 12.93 56.51 175 1034 LAGAN25 25.26 65.28 175 2103 IIJOKI26 10.46 57.08 165 9007 LIMFJORD27 24.46 58.35 155 3011 PAERNU NAVESTI28 23.86 56.98 146 3009 between DAUGAVA andVENTA29 28.26 59.68 130 3004 LUGA30 15.73 54.21 130 7003 PARSETA31 10.06 58.98 600 0 NUMEDALSLAGENTable 3: River segments from the BHDC data base with central positions, mean volume
ux in m3s�1 for 1980 - 1993, segment number and appendant names.prognostic equation for the sea surface elevation � is then given by@�@t = � 1R cos� "@U@� + @@� (V cos�)#+ @�@t ?????riv ; (80)@�@t ?????riv = Frivasurf (81)whereby Friv = river volume 
ux and asurf = the area to which the extra surface liftingis applied. This is the surface area of a single ocean grid box at the coast.29



Figure 7: Positions of the major rivers within a coastal runo� segmentSince the free surface option requires a shorter timestep (4tb) then for the baroclinicmode (4tc), subcycling for the prognostic equation for � (Eq.80) is necessary. Theadditional river 
ux term has to be applied within that subcycling loop, otherwise thesystem would sense intermittent surface lifts only every 4tc/4tb timesteps. The signalwould gradually vanish during the subcycling procedure.For a river mouth in nature, the sea surface level increase comes along with input ofmomentum, heat and salinity. In RCO, input of momentum and heat are neglected.The temperature is assumed to be identical to the upper ocean temperature. The riversare assumed to carry zero salinity. The new salinity S at each timestep is calculatedas weighted mean of the already updated salinity (Sold+ @S@t jno river4t) before the riverwater addition, and zero salinity in the newly created upper part of the surface box:S = (Sold + @S@t jno river4t) � (� z + �)� z + � +4�riv : (82)This is equivalent to a salinity change@S@t = @S@t jno river � (� z + �)� @�@t jriv � Sold� z + � +4�riv (83)with thickness 4�riv created by the runo�, � z = thickness of upper level, � = sur-face elevation before application of river runo� and Sold is the salinity of the previoustimestep. Eq.(82) and (83) describe the e�ects of advection, di�usion and increase ofthe surface grid box volume.This implementation of rivers covers the dominant e�ects by adding freshwater to thewater column. Numerical instabilities have not been encountered.30



3 Sea ice model descriptionModelling of the Baltic during wintertime relies on an adequate representation of seaice. Sea ice a�ects atmosphere and ocean on both annual and climatological timescales.Compared to non-ice conditions, ice limits the 
uxes of heat and freshwater. It alsoalters the energy budget of a coupled ocean-atmosphere system by changing the surfacealbedo drastically.Dynamic-thermodynamic ice models of the Hibler-type have been applied to the Balticsuccessfully in recent years (e.g., Haapala and Lepp�aranta, 1996). These models employthe same viscous-plastic (VP) rheology as used in many global ocean-ice circulationmodels. An overview about ice dynamics is given by Lepp�aranta (1998). The VPrheology with it's typical numerical implementations is known to have a weakness inresponding to quickly changing forcing �elds (Hunke and Dukowicz, 1997). An exten-sion of the VP rheology with an elastic component (EVP) , o�ers a solution to thisproblem. It also enables more strait forward and less troublesome numerics, particu-larly for a parallel computer architecture as the CRAY-T3E, which is the workhorse ofthe SWECLIM project.A �rst version of the sea ice model of the OCCAM group has been adopted andadjusted for RCO. This model is currently the only EVP model available to us fordistributed memory parallel computer architecture which we rely on. This model is amulti-layer thermodynamic-dynamic model. It is based on the EVP rheology as devel-oped by Hunke and Dukowicz (1997). Thermodynamics are implemented according toSemtner (1976). Adjustments to Baltic conditions had to be made. Transport and ice-adjustment algorithms have been developed by the OCCAM group (Andrew Coward,Vladimir Ivchenko) and signi�cantly modi�ed at the Rossby Centre for RCO purposes.Henceforth this ice model is called "RCO-ice model" in this report.The representation of the central quantities h (ice thickness) and c (ice concentration)can be summarized by the equations@h@t = @h@t ?????advect + @h@t ?????diffusion + @h@t ?????thermo + @h@t ?????lateral ; (84)@c@t = @c@t?????advect + @c@t?????diffusion + @c@t?????lateral (85)describing advective (Section 3.1.5), di�usive (Section 3.1.5), thermodynamic e�ects inthe vertical (Section 3.2) and lateral freezing and melting (Section 3.2.7).In this section, the RCO-ice model is described. First results are shown for veri�cationlater in this report.
31



3.1 Dynamics3.1.1 RheologyBesides other quantities, the model predicts velocity, thickness and concentration. Thelatter two are advected, whereby convergence (piling up, ridging) or divergence (cracks,rifts) may occur. In order to determine the response of the ice to convergence underhigh concentration, a rheology (a relation between ice stress and velocity gradient)must be introduced.The two major governing equations of ice dynamics are the momentum equation anda constitutive law. Momentum is described asm@ui@t = @�ij@xj + �i(uk) (86)with total mass of ice and snow per unit area m, ice velocity ui (i = 1; 2) and internalice stress tensor �ij . �i(uk) represents the forcing�i(uk) = �ai + �wi + "ij3mfuj �mg@H0@xi (87)with Levi-Civita tensor "ijk and sea surface height H0 (= � in Section 2). The viscous-plastic rheology constitutive law is well established and has been introduced by Hibler(1979): 12��ij + � � �4�� �kk�ij + P4� �ij = _�ij (88)(� = shear viscosity, � = bulk viscosity, P = internal ice pressure, _�ij = 12( @ui@xj + @vj@yi ) =rate of strain).Recently, a modi�cation to VP has been introduced by Hunke and Dukowicz (1997).An elastic term has been added:1E @�ij@t + 12��ij + � � �4�� �kk�ij + P4� �ij = _�ij (89)This converts the constitutive law to a prognostic equation which can be explic-itly discretized with favorable numeric features. Convergence studies by Hunke andDukowicz (1997) reveal the possibility of distinctly higher convergence rates for EVP(� (1 � ��x)k) than for VP (� (1 � ��x2)k). This handy convergence rate enablespractical use of explicit numerics. This is a great advantage on massively parallel pro-cessing (mpp) architecture, because message passing as a cpu-performance bottleneckcan be limited.Numerical implementations of VP su�er from a singularity for zero strain rate. Vis-cosities have to be limited (regularized) by an upper bound. This leads to a big rangeof e�ective viscosities. The regularization together with the implicit discretion of VP32



causes potential inaccuracies.EVP includes a computationally e�cient elastic wave mechanism. Elastic waves rep-resent a di�erent numerical regularization of the singularity that occurs at zero strainrate: for in�nite viscosities, the viscous terms in Eq.(89) approach zero and the elasticterm takes over control. The balance is no longer viscous-plastic, but elastic-plastic.In this limit, zero strain rates are avoided. Thus, upper bounds for bulk and shearviscosities � and � are not necessary.Hunke and Dukowicz (1997) demonstrated EVP's ability to reproduce VP's behaviouron long timescales while producing more accurate ice response to forcing of shortertimes scales (days or less). While retaining the essential physics, EVP responds morequickly to changing winds as does VP. Considering the comparatively small spatialdimensions of the Baltic Sea, this feature appears to be promising.The Rossby Centre has chosen to use EVP rheology because its ability to run e�cientlyon parallel computer architectures, its regularization and because of the potentially bet-ter response behaviour.3.1.2 Ice pressureThe pressure (or strength) of sea ice must be dependent on ice concentration and icethickness. Several linear and quadratic formulations (for h) have been used in the past.The prevalent traditional formulation for ice pressure isP = P �che�C�(1�c) (90)with constants P � and C�. This gives a high ice pressure for thick and highly concen-trated ice. The bulk and shear viscosities � and � depend on the ice pressure P in thenumerator: � = P2� ; � = P2�e2 (91)with � = h( _�11 + _�22)(1 + e�2) + 4e�2 _�212 + 2_�11 _�22(1� e�2)i1=2 (92)and the yield curve ratio e = 2.Therefore, smoothed ice and velocity �elds can be expected for high pressures. Espe-cially in highly compact ice, high values for P � reduce the motion. For less compact ice,P � is not a sensitive parameter. The parameter C� plays a bigger role for less compactsituations: ice moves more freely for increasing C�. 1/C� represents the e-folding scaleof ice-stress reduction in decreasing ice-concentration c.Several sensitivity studies for the ice pressure parameter P � are available (e.g.,Lepp�aranta et al. (1995), Chapman et al. (1994)). P � has been determined by com-paring model ice velocities with satellite tracked ice drift trajectories. A value for33



P � = 2:75 � 104Nm�2 results for typical VP models. However, as this determination ofthe parameter P � depends on the model features like grid length, timescale of the forc-ing and others, there is an unspeci�ed range for using P � as a calibration parameter.One-way coupling tests with the "CICE"-EVP distribution of Hunke (1997) applied tothe RCO model domain con�rmed smoother thickness �elds, while the overall structureis unchanged. The standard choice for the RCO-ice model is P � = 2:75 �104Nm�2 andC� = 20.3.1.3 Young's modulusYoung's modulus E (elasticity modulus) controls the value of strain rate at which theEVP regularization becomes active to prevent zero strain rates and in�nite viscosities.E is related to an adjustable parameter E0:E = 2E0�ich�t2e min(�x2;�y2) (93)where 0 < E0 < 1, �i = sea ice density, �te = time step for ice dynamics, �x;�y =grid distance. Stability considerations lead to a possible range of 0 < E0 < 0:5 (Hunkeand Dukowicz, 1997).One-way coupling tests with the "CICE"-EVP distribution have been carried out. Themaximum area of ice coverage has been used as a test quantity, because it is mostrelevant for the SWECLIM purpose of regional modelling. Values of E0 ranging fromE0 = 0.1 - 0.5 have been tested for a timestep of 2250 s. As a result, the maximumice coverage does not signi�cantly depend on E. This result is in agreement with moregeneral �ndings of Hunke and Dukowicz (1997). A large range of E0 exists for whichthe EVP method is stable. In particular, this is bene�cial for the model's timestep.A variation of timestep with constant E0 is equivalent to an according variation of E0with constant timestep. For RCO, E0 = 0:25 is a choice in the mid of the stable range.3.1.4 Timestep and subcyclesHunke (1997) gives a conservative estimate of a stable transport timestep �t for theEVP rheology: �t < min(�x;�y)4 max(u; v) : (94)For the high resolution version of the model, �x = 2nm and max(u) estimated tobe 50 cms�1, this gives a maximal timestep of 1850 s. The coarser resolution of 6nmrequires not more than 5550 s. This is well above the ocean model's timesteps of150 s (2nm) and 600 s (6nm). As the ice model is integrated with the ocean timestep(�t = �tc), stability is ensured and inaccurate results are prevented.Within each timestep, the dynamic component needs to subcycle several times todamp elastic waves. As described in Hunke and Zhang (1999), the elastic term initiallymakes a prediction for the stress �, which is then "corrected" toward the VP solution34



by means of subcycling. By choosing the number of subcycles N, a compromise hasto be made between an energetic solution that quickly adjust during rapidly changingforcing conditions (small N) and a solution which not signi�cantly di�ers from VP onlonger timescales (high N). Hunke and Zhang (1999) recommend N = 100.During tests with the "CICE"-EVP distribution, N has been varied between 20 and200. Interestingly, the area of ice coverage again is not sensitive to this parameter.However, timeseries of ice quantities at speci�c locations can show signi�cant di�er-ences. Elastic waves can be seen for low N. These are damped out for high N's. Thisillustrates the existence of elastic waves. The insensitivity of the ice covered area to Nenables us to choose N purely for reasons of numerical stability. N = 80 is the standardvalue in RCO.Table 4 lists the standard parameters for the RCO-ice model's rheology.E0 Young's modulus 0:25N Number of subcycles 80�t Timestep 150 (600) sP � Pressure coe�cient 2:75 � 104Nm�2C� Empirical constant 20�y Spatial latitudinal resolution 2 (6)nm�x Spatial longitudinal resolution 4 (12)nm � cos �Table 4: Standard parameters for the EVP rheology for high and low resolution (inbrackets).3.1.5 TransportThe transport model is given by advection and di�usion of the ice volume (chi), iceconcentration (c), snow volume (chs), heat content of brine (Wbri), surface temperature(Tsur), temperature of snow layer (Ts) and temperature of ice layers (Ti). Thus, snowand ice volume are transported as@(ch)@t ?????adv;dif = �~u � r(ch) +r � (Aicer(ch)) : (95)All other quantities are transported as@f@t ?????adv;dif = �~u � rf +r � (Aicerf) (96)with f = c, Wbri, Tsur, Ts and Ti. An upstream advection scheme has been chosen fornow. The harmonic di�usion is necessary to prevent numerical instabilities, however,the di�usion coe�cient Aice can be kept as small as 4 � 102m2s�1. This choice corre-sponds well with other ice models, e.g., Haapala and Lepp�aranta (1996).35



The basic discrimination of ice types is thick ice (multiple layers) and thin ice ("zero"-layer) as de�ned in Section 3.2 (discriminating thickness h0). Both ice types are ad-vected.An exception from advection is fast ice. This coastal ice is found in shallow areas. It isstationary because it is grounded by several contacts of ridged ice with the bottom. Inthe Baltic Sea the fast ice zone typically extends to the 10 m isobath. Thus the modellimits ice movement by ~u = 8><>: ~u if water depth > 10 m0 otherwise: : (97)3.2 Thermodynamics3.2.1 Semtner's layer modelsThe thermodynamics are based on a publication of Semtner (1976). It handles localrates of vertical growth and melt of snow and existing ice. New ice is treated by aseparate mechanism described in subsection "Leads".The sea ice system consists of one or more layers of ice and one layer of snow on top.The layer structure is illustrated in Fig.8.

Figure 8: The multi-layer and "zero"-layer model of Semtner (1976): thick ice (left)and thin ice (right). Q's are heat 
uxes, h's layer thickness and T's are temperatures.36



Vertical heat 
uxes through internal and external boundaries of the ice-snow systemare governed by one-dimensional di�usion equations. The temperature within the iceand snow layers are calculated as(�cp)i;s@T@t = ki;s@2T@z2 (98)with i,s representing ice and snow. ki;s is the di�usivity constant, cp(i;s) the thermalcapacity (values see Table 5) and T is the temperature within ice or snow. Heat 
uxdi�erences are used to calculate thickness changes due to accretion, ablation and melt-ing.Two basically alternative formulations are used:� Thick ice (multi-layer)consists of one or two layers of ice and one layer of snow.� Thin ice ("zero"-layer)consists of one layer of ice and one layer of snow with simpli�ed 
ux formulations.The reason for this discrimination is numerical stability. The multi-layer ice modeltends to become unstable for snow of less than 15 cm thickness and ice of less than 25cm thickness. Therefore, the discriminating thicknesses between thin and thick ice h0;iand snow h0;s are set accordingly.For a multi-layer "thick" ice/snow compound as in Fig.8 (left) , growth and decayrates of individual layers are described in terms of di�usive energy 
uxes at the upperand lower surfaces of the layers. A linear temperature pro�le between the centeredtemperature points is assumed. For a "zero"-layer "thin" ice/snow compound as inFig.8 (right), simple mass balance equations are applied. Ice and snow temperaturesare calculated along a single linear interpolation of the freezing point temperature Tfp(below the ice) and surface temperature Tsur of ice or snow. A uniform vertical interiorheat 
ux is applied for the whole snow-ice compound. For both cases, thin and thickice, the bottom temperature right below the ice is always given by the freezing point.The surface temperature is obtained as a solution in instantaneous equilibrium withthe forcing (see Section 3.2.3).3.2.2 Boundary conditions and 
uxesThe wind stress to the ice is parameterized similar as to the ocean (cf. Eq.(30))~�ai = cdai �a ���~U10��� ~U10 (99)with the air-ice drag coe�cient cdai = cdaw (Eq.(31)).The boundary condition for heat at the top of ice or snow iski;s@T@z = Qa : (100)37



The total heat 
ux Qa is given by the sum of shortwave radiation QSW , longwaveincoming radiation QLW # , longwave outgoing radiation QLW " , sensible QS and latentheat 
uxes QL. Qa = QSW (1� I0) +QLW # �QLW " +QS +QL (101)with fraction of penetrating solar radiation I0 = I0;1 + I0;2 stored in brine pockets I0;1(Section 3.2.5) or in the ocean I0;2 (Section 3.4). Qa corresponds to QT , the heat 
uxat the open water surface (see Section 2.2.2). The individual contributions are givenbyshortwave radiation (QSW ): QSW = Q0SW (1� �i;s) (102)with Q0SW de�ned in Eq.(46) and ice albedo �i or snow albedo �s.longwave incoming radiation (QLW #):This is calculated according to Bodin (1979) as in the open water case (cf. Eq.(40)):QLW # = �w �s T 4air (a1 + a2 e0:5a ) (1 + a3C2a) (103)with �s Stefan Boltzmann's constant, �w emissivity of the water surface, ea saturationwater vapor pressure in the atmosphere, Ca cloudiness and a1, a2, a3 empirical con-stants.longwave outgoing radiation (QLW "):This is calculated from Stefan Boltzmann's lawQLW " = �sT 4sur : (104)sensible heat 
ux (QS):Following Large and Pond (1982),QS = �a cpa csai ���~U10��� (Ta � Tsur) (105)with Ta = air temperature, Tsur = ice or snow surface temperature, �a = density ofair, cpa = speci�c heat of air, and the bulk heat transfer coe�cientcsai � 103 = ( 1:13 : (Ta � Tsur) < 0 unstable0:66 : (Ta � Tsur) � 0 stable : (106)latent heat 
ux (QL): QL = clai �a Lai ���~U10��� (qa � qs) ; (107)qs = � esP0 ; (108)es = r e c1 TsurTsur+T0�c2 (109)38



with T0 = 273:155K, Lai = latent heat of sublimation at the air-ice interface, clai =corresponding bulk heat transfer coe�cient, qs = speci�c humidity of the ice surface,es = saturation water vapor pressure of the ice surface, c1, c2, � and r empirical con-stants.Heat 
uxes directly under the bottom of the ice provide an important boundary condi-tion. Semtner (1976) used constant bottom heat 
uxes which appeared to be stronglyin
uential on the mean sea ice thickness. Bottom 
uxes between 0 and 8.28 Wm�2(=̂ 4:5 kcal cm�2 yr�1) lead to 5 m mean thickness di�erence. This means that thebottom 
ux can either be used as an e�cient tuning parameter or that it needs tobe parameterized in a meaningful way. Bottom 
uxes can be calculated according toHaapala and Lepp�aranta (1996) using a bulk formulaQbottom = �w cpw chwi j~uw � ~uij (Tw � Tfp) (110)where cpw is the speci�c heat of sea water and chwi the bulk heat transfer coe�cient. Twand Tfp are the water and freezing point temperature of water. Omstedt andWettlaufer(1992) suggested to use chwi = 2:8 �10�4 in order to get reasonable results. Temperatureand velocity di�erences in Eq.(110) have to be limited to ensure a minimal heat 
ux:�umin = 0.001 ms�1 and �Tmin = 0.1 K. Eq.(110) allows for variable bottom 
uxesresponding to changes in temperature under the ice. Heat 
ows in both upward anddownward direction are enabled. The same but opposite 
ow can be applied to theupper ocean layer. Below freezing point temperatures in the upper ocean are forcedback towards the freezing point by receiving heat from the ice. Thereby, the necessityof a direct setting of water temperature is eliminated.The freezing point temperature Tfp is calculated according to Millero (1978)Tfp = �0:0575S + 1:710523 � 10�3S3=2 � 2:154996 � 10�4S2 : (111)3.2.3 Surface temperatureThe surface temperature can be approached to by assuming it to be an equilibriumvalue that results if the internal snow and ice pro�le adjusts instantaneously to the ap-plied forcing. Further assuming, that the surface temperature change within a timestepis small, a temperature change �T can be obtained by linearly approximating the sur-face 
uxes (expanding in a Taylor series) and resolving for �T . A new surface tem-perature at the current time step is then given as the sum of the temperature at theprevious timestep and the temperature change Tsur;+ = Tsur;� +�T . Semtner (1976)suggests to linearly approximate solely the blackbody emission term. We follow Hunke(1997) in re�ning and extending this concept to a linearization of sensible and latentheat 
ux as well. Then �T satis�es the equation(1� �i;s)(1� I0)Q0SW +QLW # � �sT 4sur;� +QSjTsur;� +QLjTsur;���T � 4�sT 3sur;���T � �a cpa csai j~U10j39



��T � clai �a Lai j~U10j c1(T0 � c2)qs(Tsur + T0 � c2)2+ki;s (Ti;s � Tsur;� ��T )hi;s=2n = 0 : (112)n is the number of ice or snow layers. Equation (112) can be resolved to�T � (4�sT 3sur;� + �a cpa csai j~U10j + clai �aLai j~U10j c1(T0 � c2)qs(Tsur + T0 � c2)2 + ki;s �Thi;s=2n)= �Q+ ki;s (Ti;s � Tsur;�)hi;s=2n (113)with �Q = (1� �I)(1� I0)Q0SW +QLW # � �sT 4sur;� +QSjTsur;� +QLjTsur;� : (114)A direct application of Eq.(113) is possible in general but may lead to less accurateresults and troublesome behaviour. More accurate results are obtained by applyingEq.(113) in a Newton-Raphson iteration several times. A maximum number of 20 it-erations together with a convergence criterion of �T < 0:5K yields stable results.However, this method relies on the above mentioned equilibrium assumption. Practicaltests show a preference towards colder than realistic surface temperatures. This pointneeds to be explored further. It may be speculated, that the equilibrium assumptionmay not be an appropriate assumption, at least for the conditions in the Baltic Sea.Should positive temperatures occur in this procedure, the melting algorithm melts iceor snow at the top and resets the surface temperature to the freezing point.3.2.4 Thickness changesAs now the temperature pro�le in snow of ice are known as well as the vertical 
uxes,thickness changes due to accretion/ablation at the base of the ice and as melting atthe top can be calculated.Melting of snow or ice occurs if the surface temperature increases above the meltingpoint. Then the ice or snow layer's thickness is reduced according to@hi;s@t = (Qa �Qsur)=qhi;s � 0: (115)Qa is the atmospheric heat 
ux. The surface heat 
uxes Qsur are di�erently de�nedfor thick and thin ice/snow:Qsur = 8>>>>>>><>>>>>>>: kihi+ kiks hs (Tfp � Tsur) for thin ice;kihi2n (Ti � Tsur) for exposed thick ice;kihi2n+ kiks hs (Ti � Tsur) for thick ice and thin snow;kihi2n+ kiks hs2 (Ts � Tsur) for thick ice and thick snow: (116)40



qhi;s is the volumetric heat of fusion for ice or snow at the surface. For details, the readeris referred to Semtner (1979). Ablation or accretion at the bottom is given by@hbottom@t = 8><>: (Qsur �Qbottom)=qhb for thin ice ;(Qn �Qbottom)=qhb for thick ice : (117)with the volumetric heat of fusion at the lower surface qhb . Qa, Qsur, Qbottom and Qnare heat 
uxes into the atmosphere, at the surface, bottom and at the upper interfaceof the lowermost ice layer (see Fig.8).3.2.5 Brine pockets and penetrating solar radiationSea ice releases brine to the sea, however some brine remains in pockets. These brinepockets are able to store heat. Following Semtner (1976), penetrating radiation ispartioned between warming of ice layers and heat storage in brine pockets. 17 %(I0;1 = 0:17) is stored. The temporal change of brine pocket heat content is given by@Wbri@t = I0;1 (1� �i;s)Q0SW : (118)This heat is saved to delay the upper ice layer cooling. If the upper ice layer tempera-ture drops below the melting point, the energy from the brine pockets is converted toforce temperature back towards the melting point, thereby parameterizing release ofheat through refreezing of brine pockets.In polar oceans this parameterization would lead to delayed top ice melting in summerand delayed internal cooling in fall. In the Baltic Sea however, where no ice exists insummer, the brine pocket storage is applied to smooth warming-cooling events.3.2.6 SnowSnow on top of sea ice a�ects the interaction in the ocean-ice-atmosphere system bymodifying radiative and thermal properties of the surface. Due to lower thermal con-ductivity and albedo higher than for ice (see Tables 5 and 6), snow is thought toincrease the sensitivity of sea ice to climate change.It is expected that snow cover decreases the total volume of sea ice grown thermo-dynamically. It acts as an isolating device to shield the underlying ice from extremeevents.Snowfall in the RCO model is realized by using observed precipitation from the SMHIdata base (Lars Meuller, pers.comm.) as forcing. Precipitation over ice is assumed tobe converted to snow. Assuming a snow density �s of 0:33 � 103 kg m3 and a 
uid raindensity �w of 1:03 � 103 kg m3 leads to a change of equivalent snow thickness hs of@hs@t = P �w�s (119)41



Abbr. Parameter model units SI unitski thermal conductivity of ice 4:86 � 10�3 cal cm�1 s�1K�1 2:0W m�1K�1ks thermal conductivity of snow 7:40 � 10�4 cal cm�1 s�1K�1 0:3W m�1K�1h0;i discriminating thickness betweenthin and thick ice 25 cm 0:25mh0;s discriminating thickness betweenthin and thick snow 15 cm 0:15mhmin min. permitted thickness of ice 4 � 10�2 cm 4 � 10�4mcmin min. permitted concentration ofice 2 � 10�2 2 � 10�2cmax max. permitted concentration ofice 0:99 0:99�a density of air 1:225 � 10�3 g cm�3 1:225kg m�3�i density of ice 0:91g cm�3 0:91 � 103 kg m�3�s density of snow 0:33g cm�3 0:33 � 103 kg m�3�w density of water 1:03g cm�3 1:03 � 103 kg m�3�acpa=cpa speci�c heat of air 0:29 � 10�3 cal cm�3K�1 1:008 � 103 J kg�1K�1�icpi=cpi speci�c heat of ice 0:45cal cm�3K�1 2:1 � 103 J kg�1K�1�scps=cps speci�c heat of snow 0:165cal cm�3K�1 2:1 � 103 J kg�1K�1�wcpw=cpw speci�c heat of sea water 1:0 cal cm�3K�1 4:186 � 103 J kg�1K�1I0;1 fraction of penetrating radiation 0.17 0.17�w emissivity of the water surface 0.97 0.97�s Stefan Boltzmann constant 1:35 � 10�12 cal s�1 cm�2K�4 5:67 � 10�8W m�2K�4P0 sea level pressure 1:013 � 106 dyn cm�2 1:013 � 105N m�2a1 empirical const. 0.68a2 empirical const. 0.0036a3 empirical const. 0.18� empirical const. 0.62197 0.62197Lai latent heat of sublimation 677cal g�1 2:834 � 106 J kg�1csai bulk coe�cient for sensible heatclai bulk coe�cient for latent heat 1:15 � 10�3 1:15 � 10�3c1 empirical const. 21.875 21.875c2 empirical const. 7.66 7.66r empirical const. 6107.8 6107.8chwi bulk heat transfer coe�cient 2:8 � 10�4 2:8 � 10�4Tw temperature of waterTfp temperature at the freezing pointof waterqhs volumetric heat of fusion of snow 26:2cal cm�3 1:1 � 102 J m�3qhb volumetric heat of fusion of waterat the ice bottom 64 cal cm�3 2:7 � 102 J m�3qhi volumetric heat of fusion of ice atthe surface 72 cal cm�3 3:3 � 102 J m�3Lwi latent heat of fusion 79 cal g�1 3:3 � 105 J kg�1href;max max. virtual reference height forlateral freezing 2:5 cm 0:025mfsol penetration factor 0.1 0.1�i bulk extinction coe�cient for ice 0:015cm�1 1:5m�1�s bulk extinction coe�cient for snow 0:15cm�1 15m�1Table 5: Standard parameters for sea ice thermodynamics.with P = precipitation.Melting of the snow top occurs if the surface temperature is less than the meltingpoint of snow. In this case, the surface temperature is set back to the melting pointand vertical heat 
uxes are calculated accordingly. Melting is then given by Eq.(115).Snow thickness undergoes advection, di�usion and overrun adjustments as described inSection 3.3 for ice. However, snow cannot grow laterally as ice does. Partial snow coverdoes not occur. In this development state of the model, concentrations of snow and iceare identical, i.e. if there is snow on the ice, all ice within a grid cell is snow-covered.42



3.2.7 LeadsLeads are ice-free areas between the ice. They play an essential role in ocean-atmosphere-ice interaction as vertical 
uxes of heat and energy are distinctly di�er-ent than during ice coverage. Leads occur during the ice formation when the ocean-atmosphere 
uxes are not strong enough to �ll a complete area immediately. Duringthe freezing phase leads are �lled by lateral ice growth. Lateral melting occurs inwarming phases. Another source of leads are diverging winds. The advection equation(96) translates this in weaker ice concentration.Lateral freezing or melting occurs dependent on the direction of the net ocean-atmosphere heat 
ux. The height (volume per unit area) of new ice to be formedor to be ablated in leads is given byVnew = �QTOT jnoice (1� c)qhi �t (120)with the volumetric heat of fusion qhi and the model timestep �t. Vnew has the dimen-sion of a length. QTOT is the atmosphere to ocean heat 
ux as de�ned by Eq.(32). Forlateral freezing, QTOT is completely consumed for ice formation. No energy from QTOTis left for further cooling of water.Lateral freezing in leads occurs if the net ocean-atmosphere heat 
ux QTOT is directedupward. In the RCO-ice model, a formulation of Harvey (1988) is used. It is based onan analytic integration of ice growth equations. The ice concentration c and mean icethickness (~hi = c hi) over the ice-free and ice-covered parts of the grid box are governedby @c@t = Vnew�t href (1� c) (121)@~hi@t = c @hi@t ?????before + (1� c)Vnew�t (122)with href = a virtual thickness of newly formed ice in the lead. c@hi@t jbefore representsthe growth of preexisting ice during a given timestep due to other processes like verticalthermodynamics or advection. href can also be interpreted in conjunction with Vnewas a timescale �freeze = �t href=Vnew. This is the time it would take to �ll the leadwith ice of thickness href under the forcing Vnew. If the model timestep is shorter than�freeze, the lead will not be completely �lled. This is the rationale of this method. Itmakes partial lateral freezing in leads possible. This is an important feature of a seaice system as it enables ongoing ocean-atmosphere interaction through the leads as itoccurs in nature.Harvey (1988) has taken this method one step further after acknowledging thatEq.(121) and (122) do not take into account the reduction of lead area during onetimestep. Therefore, Eq.(121) and (122) were integrated analytically over a time �t43



which corresponds to the model timestep:cn+1 = 1� (1� cn)e��t=�freeze (123)~hi;n+1 = ~hi;n + c @hi@t ?????before�t + (1� cn)(1� e��t=�freeze)href : (124)The last term can be described as�c href = (1� cn)(1� e��t=�freeze)href :Thus, this term of Eq.(124) �c href can be interpreted as the mean thickness (or vir-tual volume) of laterally created new ice. It is added to the growth of preexisting iceand to the mean thickness at the previous timestep. The result is then divided by theactual concentration c to obtain the new ice thickness. The new analytically integratedformulation (Eq.(123) and (124)) takes a continuously decreasing ice-free area duringa given timestep into account, while the forcing, i.e., the volume per unit area of newice Vnew, is assumed to be constant. The e�ect is illustrated in Fig.9. The change of iceconcentration is distinctly smaller if the decreasing ice-free area is taken into account(solid curves in Fig.9).
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Figure 9: E�ect of taking continuously decreasing ice-free area into account. Changeof concentration from zero during a single timestep of 1200 s: for �freeze = 1200 s (a),for various �freeze (b). For Eq.(121) (dotted curve) and for Eq.(123) (solid curve).Hibler (1979), using a formulation like Eq.(121), suggested href = 0:5 � 1:0m forthe polar oceans. These values cannot be applied in the Baltic, as the ice is thinnerand vanishes completely during summer. Situations occur with no preexisting ice.Therefore, the choice of the reference height href has to allow for initial ice formationand once ice exists, it must be used as a tuning parameter for the ice concentration.These two objectives require a non-constant href . For RCO, href has been chosen togrow linearly with ice thickness up to href;max = 2.5 cm:href = 8><>: hmin if hi < hminhi if hmin < hi < href;maxhref;max otherwise : (125)44



This choice leads to realistic ice concentrations (see also Section 5).RCO employs a minimum permitted ice thickness hmin. If Vnew cannot supply thisminimum no ice is formed. Cut-o� thicknesses like this one are common in many icemodels, e.g., Haapala and Lepp�aranta (1996) or Hunke (1997). They crudely representthe initial freezing phase when frazil crystals and grease ice forms but direct atmo-sphere ocean 
uxes are still active. Mechanical mixing can prevent this initial ice fromforming areas of closed ice cover (Carsey, 1992). Sophisticated parameterizations forthese �ne-scale processes are not yet applicable. Therefore strong cooling is requiredin sea-ice models to form a partial ice cover in a grid box. Similarly, a minimum per-mitted ice concentration is used.Lateral melting in leads occurs if the net ocean-atmosphere heat 
ux is directed down-ward, i.e., Vnew < 0. RCO uses a simple parameterization which translates the ratio ofmelted ice volume per unit area Vnew and ice thickness hi into a concentration change.�c = c Vnew=hi : (126)The concentration c is multiplied in order to express a decreasing melting e�ect withincreasing ice-free area. Although a simple parameterization, it e�ciently distributesthe incoming energy among lateral melting of ice and warming of water, because thecorresponding factor (1 � c) is applied to the atmosphere-ocean heat 
ux (see belowEq.(128)).3.2.8 AlbedoThe surface albedo of the snow-ice system depends on whether snow is present or not,and on the state of snow or ice. Dry ice has a higher re
ectivity than melting ice. Thesame is true for snow. Melting conditions are given if the surface temperature is abovethe melting points of snow or ice. Table 6 lists the di�erent albedos.Type Symbol Albedo (RCO) Albedo (Perovich, 1996)dry snow �s;d 0.75 0.87wet snow �s;m 0.3 0.77dry ice �i;d 0.66 0.7wet ice �i;m 0.66 0.3Table 6: Albedo of snow and ice used in RCO and according to Perovich (1996).The albedos in RCO are not optimized yet. Hence, further sensitivity studies arenecessary.3.3 AdjustmentsIce concentration c is unphysical below 0 and above 1. However such unphysical sit-uations may occur after applying certain algorithms of the model. As mentioned in45



Section 3.1.5, c is advected. Convergent situations may lead to c > 1. Physical consis-tency requires some adjustments.Upper and lower limits for c have been set (cmin = 0:02, cmax = 0:99). If c drops belowthe minimum permitted ice concentration cmin, c is set to zero. In the case of c > cmax,snow and ice thicknesses are adjusted to re
ect an upper limit concentration.8><>: hi = c hi=cmaxhs = c hs=cmaxc = cmax 9>=>; if c > cmax : (127)This formulation conserves volume. On the one hand side concentration is reducedand on the other hand side thickness is increased. This becomes more comprehensi-ble if one thinks about an advecting low concentration ice �eld of constant thickness.Initially, convergent advection does not increase the mean thickness, but the concen-tration and volume. After the maximum concentration is reached, volume increaseleads to thickness increase. In the model, this is re
ected by concentrations greaterthan one. Eq.(127) translates this to a thickness increase.The upper limit concentration cmax = 0:99 is chosen to be less than 1, because smallleads can always be found in observations. Cracks and the non-continuous nature ofreal ice prevents total coverage. A similar measure has been successfully applied onother sea ice models of the Baltic (Omstedt and Nyberg, 1996) as well as the arcticoceans (e.g., Bettge et al., 1996).3.4 Ice-ocean interactionThe heat content of an ocean grid box under the ice may be changed by pure oceanicprocesses (advection and mixing), by ocean-atmosphere heat 
uxes through leads orby heat exchange with the ice. The 
ux at the bottom of the ice is given by Eq.(110).The same but opposite 
ow is applied to the upper ocean layer (Eq.(128)).In case of lateral freezing, all the atmospheric cooling expressed by the volume per unitarea of new ice Vnew is used to close leads (see Section 3.2.7). In case of lateral meltinghowever, the heat 
ux from the atmosphere is divided among lateral melting of iceand warming of water. For lateral melting, this is expressed in Eq.(126) by applying afactor c. A corresponding factor (1� c) is applied to the atmosphere-ocean heat 
uxQTOT = (QTOT jnoice(1� c)) (1� c) +Qbottom c : (128)Thereby, QTOT jnoice is the atmosphere-ocean heat 
ux, speci�ed by Eq.(32) and Qbottomis the ice to water heat 
ux de�ned by Eq.(110).Solar radiation is the only 
ux component at the ice-atmosphere interface, that canpervade sea ice and warm the underlying water. In the Baltic Sea with low salinities,and temperatures close to the freezing point, this can lead to static instabilities with46



subsequent mixing events. This pervading part of solar radiation QibSW = Q0SW (1 ��i;s) I0;2 is described according to Sahlberg (1988):QibSW = 8>>>>>><>>>>>>: Q0SW (1� �s) fsol e��s hs��i hi if hs > 10 cm ;Q0SW (1� �s) fsol e��i hi if 0 < hs � 10 cm ;Q0SW (1� �i) fsol e��ihi ifhs = 0 : (129)�i and �s are bulk extinction coe�cients and fsol a penetration factor.The atmosphere-ocean freshwater 
ux in leads, as formulated in Section 2.2.3, Eq.(42),is reduced proportional to the relative area of open water. Further, brine is releasedinto the ocean during the freezing process. This modi�cation is summarized inSF = SF jnoice (1� c) + Vnew�t �i�w S (130)with S salinity of the uppermost ocean box and �t timestep.Similar modi�cation apply to ocean-atmosphere momentum 
uxes. The wind stress islimited to the lead area, whereas an ice stress on the ocean is applied under the ice.~� = (1� c)~� jnoice + c �w cdwi j~ui � ~uwj (~ui � ~uw) (131)with the ice-ocean drag coe�cient cdwi = 3:5 � 10�3.3.5 Sequence of algorithmsThe code of the sea ice model is embedded in the RCO ocean model. The ice code usesthe existing ocean structure and message passing system. At each timestep a sequenceof ice calculations is performed as outlined below:� calculate ice-atmosphere 
uxes� check sst,if sst < Tfp or hi > 0allow ice formation� calculate ice volume to be formed in leads� limit ocean-atmosphere heat and freshwater 
uxes according to the relative sizeof leads within each grid box� check ice and snow thickness if multi-layer or \zero"-layer model is applied� determine surface temperature� melt snow or ice under melting conditions47



� store heat in brine reservoir� calculate ice or snow temperature pro�le� calculate accretion or ablation at the bottom of the ice� modify exchange heat between ice and ocean� add snow on top if precipitation� modify momentum forcing under ice to account for stress of ice on water� advection using EVP ice velocities� di�usion� timestepping� adjust possible ice concentration overrun� use brine reservoir� lateral freezing and melting� adjust possible ice concentration overrun� set number of levels for ice model� calculate EVP ice velocities
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4 Model code4.1 OverviewThe starting point for the Rossby Centre Ocean model was a sub-set of the fully globalOCCAM model (Webb et al., 1997). The OCCAM model is an array processor versionof the GFDL Modular Ocean Model version 1.0 (Pacanowski, 1996). OCCAM hasbeen developed and run at the James Rennell Division, Southampton OceanographyCentre. The actual OCCAM code consists of a number of FORTRAN 77 modules andassociated header �les. Extensive use is made of pre-processor directives to allow theeasy switching of physics or numerical techniques. To produce a more user-friendly andaccessible code for the SWECLIM project, many of the pre-processor options availablein OCCAM have been permanently selected and a new set of partially pre-processedsource modules have been created (Coward, 1997). During the past two years a numberof new options have been added to the code by the authors, especially in the areas ofopen boundary conditions, atmosphere forcing, radiation model, river runo�, turbu-lence modelling, implicit vertical friction, thermodynamics and dynamics of sea ice,etc.. The code development is a cooperation between Rossby Centre, SouthamptonOceanography Centre and MISU at Stockholm University.OCCAM uses a Master-Slave arrangement with one master processor (called `Caesar')dedicated to external I/O and house-keeping tasks. At the beginning of each run, thisprocessor reads in values for restarting the model, the processor map, the topographymap and forcing/boundary data. Each slave processor (called `Legion') receives thedata that it needs to perform the calculations in the domain that has been assigned.Later in the run the master also controls and handles the writing out of model results,the reading in of new forcing �elds and the calculation of diagnostics.OCCAM has an asynchronous I/O management. When a slave processor reaches anarchive time step it bu�ers the solution it holds before continuing with the main cal-culations. Waiting is only necessary for exchange of boundary data (from the so-called`halo') from neighbouring processors to solve the discretized equations. Each processorhas a domain consisting of a core region surrounded by a ring of `halo' points.The RCO model is being running on the CRAY-T3E at the Swedish National Super-computer Centre (NSC) in Link�oping with the SHMEM message passing library. Inaddition, the model has been used for testing on SUN, DEC ALPHA and HEWLETTPACKARD workstation clusters with the MPI message passing library.As mentioned in the introduction (Section 1) two years ago none of the available BalticSea models was suitable to integrate multi-year runs with su�cient resolution due totechnical reasons. This gave the motivation to develop a new Baltic Sea model withinSWECLIM. Before the decision for the OCCAM code a model intercomparison be-tween the parallel codes OCCAM and MOM 2 has been carried out mainly to comparecpu-performance. The MOM 2.2 code with special features and options of the oceanog-raphy model group at the Baltic Sea Research Institute in Warnem�unde (IOW) has49



kindly been made available to the Rossby Centre (Schmidt et al., 1997). The paral-lelization of MOM 2 has been done in Warnem�unde. Using the Warnem�unde modelSWECLIM might have had the advantage to reduce the model development time be-cause a lot of special Baltic Sea features are included which were not available for theglobal OCCAM. The results of the benchmark tests (one month integration period)shows Fig.10. The speedup is normalized for both models to a 13 processor run and

Figure 10: Benchmark test between OCCAM (dashed) and MOM 2 (dash-dotted). Thespeed ratio (OCCAM divided by MOM2) is shown as dotted curve and the ideal speedupas solid curve.has comparable size. The speed factor of 4 between the models is approximately con-stant for di�erent number of processors. That means OCCAM was 4 times faster thanthe Warnem�unde model. It should be noted that the model intercomparison has beencarried out in January/February 1998. Since then both models have been improvedfurther and the Warnem�unde group has switched to a new parallel version, MOM 3.The reason for the large di�erence is that the Warnem�unde model was parallelized infull latitudinal strips. Thus, sea points were calculated as well as land points.4.2 Processor mapsEach processor is assigned a compact region of the ocean surface (see Figures 11 - 13).Di�erent from the standard MOM 2 code no calculations are carried out on landregions and only sea points are considered. For Baltic Sea and North Sea modellingthis treatment is important for the performance because only 10 percent of the three-dimensional array holding the prognostic variables are sea points. For an e�cient code,the total amount of work to be done needs to be assigned as evenly as possible between50
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Figure 11: Processor map for 16 processors (15 slaves and 1 master).
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Figure 12: As Fig.11 but with bounding boxes. The largest box is emphasized using athick frame.the processors. To allow this, the OCCAM code is written for irregular shaped proces-sor regions. For high resolution models, memory requirements restrict the maximumdimensions of the processor regions, which sets the lower boundary on the number ofprocessors that can run the model. The total memory requirement is given by the51
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Figure 13: Processor map for 64 processors (63 slaves and 1 master).largest box surrounding the irregular shaped processor domains (Fig.12). Althoughnot necessary OCCAM uses the memory of a virtual box with dimensions given by themaximum length of all bounding boxes in longitudinal direction times the maximumlength in latitudinal direction.The derivation of an optimal partitioning for any particular number of processors isa non-trivial task requiring some degree of interactive manipulation of the processormaps using a OCCAM utility program (Coward, 1997). This utility program requestsan approximate number of processor regions along each horizontal dimension and di-vides the region into equal rectangular areas. Any areas devoid of sea points (and hencecontaining no work) are removed from the map. Thus the �nal number of processorregions de�ned may well be less than the number requested. This is increasingly truefor ever greater numbers of processors.RCO uses a di�erent load balancing strategy than the original OCCAM code describedby Coward (1997). At the Rossby Centre a standalone software package for minimizingload unbalance has been developed. The program assigns regions of the ocean surfaceto each processor, while minimizing the di�erence between the work for the processorsusing a new partitioning strategy based on graph theory (Rantakokko, 1997). Inputto the software package are the grid point depths and the number of slaves. To assessthe work for each vertical column belonging to the surface point (i; j) the followingworkmap w is used w(i; j) = � + � k(i; j) (132)with k the number of vertical levels for the corresponding surface point.52



The workmap w is a two dimensional data structure that quanti�es the amount of workthat needs to be done for the vertical column belonging to the surface point (i; j). Theidea with having the two weights � and � is that one can now adjust for the fact thatthe work in each column is not just a function of depth, it is a function of the ratio ofwork in the baroclinic part (which is a function of depth) and the barotropic part (onlycalculated for the surface points). If one gets the weights right it should be possible tominimize the di�erence in the amount of work done by each processor, instead of justminimizing the di�erence in the number of grid points that each processor is assigned.For a given workmap the software package calculates �rst the corresponding so-calledgraph (a mathematical function) and second processor maps based on recursive spec-tral bisection method for a given number of processors (Rantakokko, 1997). In case ofan optimal workmap the load will be even and the number of communication pointswill be a minimum for the processor domains.Rantakokko (1998, pers.comm.) implemented the new developed software packageinto RCO and made a series of benchmark tests to �nd out the optimal set of constantweights � and � (Fig.14). Due to the complicated code structure it is not obvious
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distance and without sea ice model consumes on the CRAY-T3E 1 cpu hour per modelyear approximately. Hence, this version is as fast as the PROBE-Baltic model on aSUN workstation (Anders Omstedt, pers.comm.).4.3 Code optimizationFaxen (1999) made a single and a parallel performance analysis of RCO using di�erentworkmaps (Fig.15 and 16). Additionally, he implemented optimizations into RCO
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� The processor maps are important. Currently � = 5 and � = 1 or using a versionbased on actual computations from earlier runs gives the best performance.� The introduction of ice makes it necessary to modify the load balancing strategyfurther.More details are given by Faxen (1999).
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5 First results5.1 OverviewTwo hindcast periods have been selected to evaluate the Rossby Centre Ocean model.In this report we consider only the time period May 1992 until September 1993. Pre-sentations are restricted to �rst results only. An extended evaluation including longertime periods will be given later.In January 1993 a major salt water in
ow event renewed the deep water of BornholmBasin and led to improved oxygen conditions in that area. The salt water in
ow markedthe end of a 16 year long stagnation period in the Baltic Sea without any deep waterrenewal. As the Baltic Sea hydrography is determined by river runo� and the limitedwater exchange through the Danish Straits accurate modelling of salt water in
ows arean absolute prerequisite for multi-year simulations of the Baltic Sea. Hence, the latestevent with a number of available data sets for validation purposes has been selected.As RCO has been developed to be coupled to a regional atmosphere model the vali-dation of sea surface variables are important. Sea surface temperature, ice thicknessand concentration are determined by atmosphere-ocean interactions. The most likelysources of error within the model are the atmospheric forcing, the bulk formulae for theheat 
uxes, the sea ice model, the turbulence model (mixed layer depths) and verticalvelocities (up- and downwelling regions).The mild winter 1992/93 with complete ice coverage in the Bothnian Bay and withpartial coverage in the Bothnian Sea and Gulf of Finland provides a �rst test for theice model.In the following, results of the spin-up, the main salt water in
ow phase and the sea-sonal cycle 1992/93 are presented. The variables are sea level records, sea surfacetemperature, salinity, current velocity, ice thickness and ice concentration maps, ver-tical cross sections of temperature and salinity, records of isotherm and of isohalinedepths.5.2 Spin-upAs described in Section 2.12 a spin-up from selected observed temperature and salinitypro�les has been carried out. The upper panels of Fig.17 and Fig.18 show the seasurface temperature and salinity �elds one day after the initialization from May 18,1992, 00 UTC. During the �rst 5 days the wind speed is increased linearly and mainlygeostrophic currents parallel to the salinity gradients can be observed. The changes insalinity and temperature are small compared to the initial pro�les (not shown). Un-realistic sea surface temperature di�erences between di�erent sub-basins are explainedby di�erent observation dates of the pro�les (see Tab.2). The timescale of vertical heatexchange with the atmosphere is shorter than the timescale of horizontal advection.57



Figure 17: Sea surface temperature (in oC) from May 18 and September 3, 1992.Di�erent colour bars are used. 58



Figure 18: Sea surface salinity (in PSU) from May 18 and September 3, 1992. Thesame colour bars are used. 59



Contrary, horizontal salt transports dominate vertical freshwater 
ux in the westernBaltic. The lower panels in Fig.17 and Fig.18 show the sea surface temperature andsalinity distribution after 109 days of integration (September 3, 1992). The arti�cialgradients at the sub-basin borders disappeared and physical gradients based on up-and downwelling events (Fig.17) and horizontal current dynamics (e.g., Belt Sea front,Fig.18) have been developed.The upper panels of Fig.19 and Fig.20 show the initial vertical cross sections of tem-perature and salinity after one day of integration. Correspondingly, the lower panels ofthese �gures give the results after 109 days of integration. The pro�les of the sectionare taken from Kattegat, Belt Sea, Arkona Basin, Bornholm Basin, Eastern GotlandBasin, �Aland Sea, Bothnian Sea and Bothnian Bay. In summer the upper mixed layerhas been warmed up and wind mixing in early fall has caused a deep thermocline inSeptember (lower panel of Fig.19). The arti�cial horizontal gradients between the sub-basins disappeared. After the spin-up period salinity fronts in the Kattegat and BeltSea are more realistic compared to observations than given by the initial conditions(lower panel of Fig.20).The presented results show that the spin-up strategy is justi�ed. It is possible to ini-tialize a 3D Baltic Sea model with a set of selected temperature and salinity pro�les ifno three-dimensional initial �elds are available. For simulations longer than a month itis more important to start with realistic vertical strati�cation in each sub-basin thanwith realistic horizontal gradients. After 3 months the spin-up period can be consid-ered as �nished.5.3 Sea levelTwo tide gauges have been selected and are shown here (Fig.21). Landsort in theBaltic Proper is located close to the nodal line of the main seiches of the system west-ern Baltic Sea and Gulf of Finland (58:738oN; 17:870oE). Hence, this tide gauge isrepresentative for volume changes of the Baltic Sea. The second tide gauge, Ratan,is located at the end of the Gulf of Bothnia in the narrow between the Bothnian Seaand Bothnian Bay (63:983oN; 20:900oE). Hence, sea level data from this tide gaugeshow oscillations with periods of a few days which are explained by wind stirred seiches(31:03h, W�ubber and Krau�, 1979) and piling ups of water on synoptic timescale. InFig.21 absolute sea level elevations are shown referred to the Nordic height system NH60 from Ekman and M�akinen (1996). From the observed sea level data the mean of thesimulation period have been subtracted and replaced by the mean sea surface topogra-phy. As only 501 days are considered land uplift with a maximum of 1 cm=year in theBothnian Bay according to Ekman (1996) must not be taken into account (contrary tomulti-year integrations).The agreement between observed and modelled sea levels is strikingly. As volumechanges are modelled realistically (see Landsort tide gauge) the sum of volume trans-ports through the Danish Straits and river runo� into the Baltic Sea are simulated60



Figure 19: Temperature section (in oC) through the whole Baltic Sea from Kattegat toBothnian Bay from May 18 and September 3, 1992. Di�erent colour bars are used.61



Figure 20: Salinity section (in PSU) through the whole Baltic Sea from Kattegat toBothnian Bay from May 18 and September 3, 1992. The same colour bars are used.62



Figure 21: Sea level data (in cm, dashed line) from the Swedish tide gauges Landsortin the Baltic Proper (upper panel) and Ratan in the Gulf of Bothnia (lower panel)compared with model results (solid line). 63



correctly. The realistic simulated amplitudes and phases of observed oscillations fromthe tide gauge Ratan are con�rmations of correct parameterized bottom friction (i.e.,the bottom drag coe�cient cb) and the atmospheric forcing (i.e., the surface wind �eldsand pressure gradients).5.4 Sea surface temperatureModelled sea surface temperature �elds are compared with ice-sst charts from observa-tions published by SMHI regularly twice a week (\isl�age and ytvattentemperaturer").Selected are snapshots from summer 1992 and 1993 with high temperatures (Fig.22and Fig.26), from the cooling period in late autumn 1992 (Fig.23) when the �rst icehas been developed, from the maximum ice extent in winter 1993 (Fig.24) and fromthe warming period in spring 1993 (Fig.25) when the ice just melted.August 1992 has been quite warm with observed temperatures of more than 20 oC(Fig.22). Close to the Swedish coast upwelling regions were developed in the North-western Gotland Basin, the Bothnian Sea and the Bothnian Bay with temperaturesless than 8 oC. The corresponding model snapshot shows the same distribution of up-and downwelling regions but the maxima and minima are overestimated, i.e., upwellingregions close to the eastern coasts are too warm and downwelling regions are too cold.The pronounced warm coastal waters are ampli�ed by the reduced wind speed pa-rameterization according to Bumke (1997, pers.comm.) but the main reason for thearti�cial warming is not yet clear. Temperatures in the center of the sub-basins areslightly too cold.Around November 2, 1992 the �rst ice in the Bothnian Bay was observed and coastalwaters were colder than central basins (Fig.23). The model results are in good agree-ment with observations. Details like maxima in the Northwestern Gotland Basin andin the Arkona Basin (about 11oC) or the minimum south of Gotland are simulated.Di�erences exist in the Bothnian Sea.Sea surface temperature under sea ice equals freezing point temperature. Hence, the iceextent is marked by the area with freezing point temperature approximately (Fig.24).The depicted results are received using the ocean model without sea ice model. In themodel the temperature is restricted by the freezing point temperature simply. Resultswith sea ice model included are shown below and as cover illustration. The maximumof 1oC in the ice free central Bothnian Sea is modelled correctly. The temperatures ofthe Baltic Proper are simulated in the correct range between 3 and 4oC and also thegradients towards colder coastal waters are reproduced in RCO.The �rst day in 1993 without any sea ice is May 27 (Fig.25). Coastal waters weremuch warmer than the interior of the basins. The overall temperature distribution issimulated right. The minimum of 1oC in the central Bothnian Bay is correctly mod-elled whereas the minimum of 5oC in the central Bothnian Sea is lower with 3 � 4oCapproximately. Some local features like the upwelling region east of Gotland can be64



Figure 22: Modelled sea surface temperature (in oC) from August 10, 1992, comparedwith the corresponding sst chart published by SMHI.65



Figure 23: Modelled sea surface temperature (in oC) from November 2, 1992, comparedwith the corresponding sst chart published by SMHI.66



Figure 24: Modelled sea surface temperature (in oC) from February 26, 1993, comparedwith the corresponding ice-sst chart published by SMHI from February 25, 1993.67



Figure 25: Modelled sea surface temperature (in oC) from May 27, 1993, compared withthe corresponding sst chart published by SMHI.68



Figure 26: Modelled sea surface temperature (in oC) from August 15, 1993, comparedwith the corresponding sst chart published by SMHI from August 16, 1993.69



localized also in the model. Temperatures between 10 and 11oC were observed in thecentral Gotland Basin. RCO is in good agreement with these measurements. Maximain Kattegat, Belt Sea and near the island R�ugen are higher in the model with about2 oC probably.The summer 1993 was much colder than the previous one. No temperatures higherthan 18oC were observed (Fig.26). At August 16, 1993, pronounced downwelling re-gions occurred with sea surface temperatures less than 10oC in some cases. As in mostwell developed up-/downwelling situations RCO under/overestimated sea surface tem-peratures at that locations but the modelled area extents agree well with observations.The SMHI maps are not necessarily identical to reality. Generally, the maps are toosmooth due to the lack of observations and due to the interpolation algorithm. Satellitedata show much more mesoscale variability than the charts and look like model results.For example missing upwelling regions might be not observed and for that reason notincluded in the charts.5.5 Mixed layer depthIn Fig.27 modelled isotherm depths at Bornholm Deep for the simulation period areshown. As mentioned already in connection with the sea surface temperature the sum-

Figure 27: Isotherm depths (in oC) from May 18, 1992, until September 30, 1993, atBornholm Deep. 70



mer 1992 was much warmer than the summer 1993 with maximum temperatures inBornholm Basin of 21 oC and 17 oC, respectively. The interannual variability is cap-tured by RCO. Mixed layer depths are simulated correctly. Pro�le data for comparisonwere published by Meier (1996). Between 40 and 50m winter water above the haloclinecan be observed from the initial conditions. In winter 1993 new winter water has beenformed. In the depth range of the halocline between 50 and 70m in autumn 1992 and1993 warmer saline water is intruded. This water has been advected from the ArkonaBasin horizontally. After the salt water in
ow in January the bottom water in theBornholm Basin has been replaced by more saline and colder water of less than 5oC.5.6 Salt water in
owAt the end of December 1992 and during the �rst days in January 1993, a distinct out-
ow situation is established with low salinities in the Danish Straits (Fig.28 and 29).After the onset of strong westerly winds the salinity fronts are moved towards ArkonaBasin and the Belt Sea is �lled up with salty water (see results from January 17).Maximum current velocities of about 2m=s are modelled. Between January 6 and 27,a mean salinity of 26.75 PSU was observed at Drogden Sill (H�akansson et al., 1993). AtDarss Sill mean maximum salinities of about 22 PSU were observed between January26 and 28 (Matth�aus et al., 1993). As time proceeds (see results from January 25) themodel describes the �lling up of Arkona Basin with the in
owing salty water (upperpanel of Fig.30). There are no data available which elucidate this process directly. Forcomparison the reader is referred to Meier (1996, see his Fig.50). At the end of Januarythe amount of in
owing salty water across Drogden and Darss Sill into Arkona Basinis greater than the out
ow through Bornholm Channel into Bornholm Basin. Hence,the halocline in the Arkona Basin is lifted above the level of Darss Sill by the end ofthe in
ow event in correspondence with data (Matth�aus and Lass, 1995). Modelledmaximum bottom salinities at Arkona Deep are 23:9PSU (upper panel of Fig.30) inagreement with observations (24 � 25PSU). At January 29 again out
ow occurred(Fig.28 and 29). The in
owing water sank to the bottom of Bornholm Basin penetrat-ing below the old bottom water which was lifted up (lower panel of Fig.30). Modelledmaximum bottom salinities at Bornholm Deep are 17:0PSU whereas 18 � 19PSUwere observed. The model slightly underestimates the amount of saline water 
owingfrom Arkona to Bornholm Basin downhill. The shortcomings of coarse resolution levelmodels in case of over
ow situations have been reported in the literature (e.g., Beck-mann and D�oscher, 1997). Meier (1996) showed that the results will be even better ifa horizontal resolution of 1nm is used.The simulated over
ow is sensitive to initial strati�cation, atmospheric forcing, sealevel di�erences between Kattegat and western Baltic Sea, mixing parameterizationand grid resolution. Here, we report only from a series of sensitivity experiments con-cerning salinity at the open boundary in the northern Kattegat. The results of Fig.30are obtained using prescribed salinities of 25PSU for depths smaller than 13:5m and of35PSU for greater depths. During the whole simulation period these constant valuesare used. In the reference experiment as described in Section 2.7.4 a mean pro�le from71



Figure 28: Sea surface currents (in cm=s) in the western Baltic Sea from January 3,17, 25 and 29, 1993. 72



Figure 29: Sea surface salinity (in PSU) in the western Baltic Sea from January 3,17, 25 and 29, 1993. 73



Figure 30: Isohaline depths (in PSU) from May 18, 1992, until September 30, 1993,at Arkona Deep (upper panel) and Bornholm Deep (lower panel).74



observations at Anholt East is implemented. The salinities vary between 19:9PSUclose to the surface and 33:5PSU at the bottom. The results show no in
ow intothe Bornholm Basin and no replacement of the lower layer water at all. The bottomsalinity at Arkona Deep increases temporarily to 21:6PSU whereas at Bornholm Deepthe salinity decreases after the in
ow. A third experiment has been performed with aboundary pro�le which equals Anholt East mean salinity during most of the integrationperiod but is increased during the in
ow period temporarily. Between January 5 and27 the salinities vary as in the �rst experiment, i.e., 25PSU for depths smaller than13:5m and 35PSU for greater depths. The maximum bottom salinity at Arkona andBornholm Deep are now 23:0PSU and 16:3PSU , respectively. The Bornholm Basindeep water is not really renewed.The three experiments show that the upper layer salinity at the northern model bound-ary in
uences the solution of the model interior. The preconditioning of strati�cationin Kattegat is important for salt water in
ows not only during but also before theevent. This �nding emphasizes again the need for adequate boundary conditions inKattegat. Thus, a North Sea model and a barotropic model for parts of the NorthAtlantic is projected for future model development.5.7 Sea ice5.7.1 Including dynamic e�ectsThe full Rossby Centre ice model has been applied in conjunction with the RossbyCentre ocean model for the �rst time. A full 2-way coupling according to Section 3.4is employed. In this section, we present �rst results from a simulation of the winter1992/93 using a horizontal resolution of 6nm. As only one ice class is considered,a parameterization for ridged ice appears to be necessary. Here, we have utilized asimple approach reducing thermal conductivity if the ice thickness exceeds 20 cm. Cor-respondingly, Omstedt and Nyberg (1995) neglected the thermodynamic growth/decayfunctions for ridged ice.The overall relatively mild winter 1992/93 in its coldest phase typically showed a nearlyfull coverage of the Bothnian Bay, coastal ice in the Bothnian Sea and a coverage inthe eastern part of the Gulf of Finland. Fig.31 (upper) shows the mean thickness atFebruary 25, which represents the maximum ice extent. The Bothnian Bay is com-pletely covered with mean ice thicknesses (concentration � thickness) ranging from 15to 47 cm. High concentrations (Fig.32, upper) of more than 0.8 are dominating. TheBothnian Sea shows partial ice cover along the coast lines with mean thicknesses of 10- 15 cm. Furthermore, the Gulf of Finland shows ice up to 30 cm thick. Some areasin the Gulf of Riga are covered. Observations of the ice situation (SMHI maps) arecollected in Fig.31 (lower) and correspond very well with the simulation. The contoursof the ice edge are nearly identical. Speci�c features like ice coverage east of the �Alandsand in the Gulf of Riga match nearly perfect. Given the sensibility of the ice modelto sst distribution, this similarity points to a carefully adjusted mixed layer model and75



Figure 31: Modelled mean ice thickness (in cm) from February 25, 1993, compared withthe corresponding ice-sst chart published by SMHI.76



Figure 32: Modelled ice concentration and ice velocity (in cm=s) from February 25,1993. 77



other ocean model parameterizations. Ice thickness also compares well with observa-tions: both show a general increase from south-west to north-east in the Bothnian Bay.This is likely related to the predominantly north-eastward drift as indicated by Fig.32(lower). Thickness realisticly reaches about 50 cm. There is only a slight hint to athick-thin-thick structure as can be seen in the observations. This points to possiblefuture improvements: a better �ne-tuning, and ridged ice may be treated more elabo-rately.

Figure 33: Simulated ice covered areas for the winter 1992/1993 in a time sequence of20 days interval. A mean thickness c h > 2 cm has been used as a criterion to identifyice areas.The simulated ice extent in a sequence of snapshots is displayed in Fig.33. The annualcycle can be seen in intervals of 20 days. Simulated ice formation starts at October20 (October 22 observed) in the Lumijoen Bay o� Oulu. Until December 27, ice iscon�ned to the northern parts of the Bothnian Bay and some narrow coastal areas.This is followed by a strong lateral growth. At February 5 a hole has opened due toa strong westerly wind event. Further lateral growth occurs until the maximum iceextend is reached at March 3 (February 25 observed). During March and April, iceretracts and vanishes at May 14 (May 24 observed).The annual cycle of ice covered area of the whole Baltic is given by Fig.34. A slow78
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Figure 34: Simulated ice covered area in 1010m2 for the winter 1992/1993. The dottedcurve takes ice concentration into account whereas the solid curve does not (see text).increase until December 20 is followed by a more rapid increase to the maximum atMarch 3. The ice vanishes within the next 2 months. The summed surface area ofocean grid-boxes which contain ice is given by the solid curve, generally represent-ing the area north of the ice edge. The dotted curve takes the ice concentration intoaccount, thus can be regarded as the appropriate measure of ice cover. Maxima of170 � 109m2 or 100 � 109m2 are reached. Omstedt and Nyberg (1996), show a maximumice extend of 136 �109m2, i.e., 36 �109m2 above our second result. Omstedt and Nyberg(1996) simulate the complete period 1980 - 1993. Thereby, their ice cover exceeds theobservations from SMHI and FMI by 18 � 109m2 in the mean. However, the winter1992/93 which we use here as a �rst test, shows greatest deviations between model andobservations (66 � 109m2 overestimation for Omstedt and Nyberg (1996) and 30 � 109m2in our case). As the observed number of 70 � 109m2 is not supported by the observedice edge line, either low concentrations or observation uncertainties must be involved.Summarizing, �rst results indicate that the ice covered area in RCO is within the rangeof established Baltic Sea ice models. Further testing of the Rossby Centre ice modelfor more than one winter will be necessary to get a clearer picture.An interesting wind situation occurs between January 28 and February 5. Initially(Fig.35 and 36), a nearly full coverage of the Bothnian Bay with a maximum thicknessof 25 cm and with an o�shoot into the Bothnian Sea is given by the model. Thisgeneral situation is con�rmed by the observation. The o�shoot can be explained by79



Figure 35: Modelled mean ice thickness (in cm) from January 28, 1993, compared withthe corresponding ice-sst chart published by SMHI.80



Figure 36: Modelled ice concentration and ice velocity (in cm=s) from January 28,1993. 81



Figure 37: Modelled mean ice thickness (in cm) from February 5, 1993, compared withthe corresponding ice-sst chart published by SMHI from February 4, 1993.82



Figure 38: Modelled ice concentration and ice velocity (in cm=s) from February 5,1993. 83



southward ice drift (Fig.36) through the narrow between Bothnian Bay and BothnianSea. During the next days, the driving wind increases and turns into an eastward direc-tion. As a response, the model's ice is piled up in the eastern half of the Bothnian Bay,reaching 77 cm (Fig.37). At the same time, the western half is nearly emptied withlarge ice-free areas or concentrations from 0 to 0.35. Extended ice-free areas can also beseen in the observation (Fig.37, lower). The ice drift is clearly visible in Fig.38, lower.However, the densely covered area in the east is excluded from ice movement. TheEVP ice rheology e�ciently resists further deformation as the ice pressure increaseswith concentration and thickness. This wind event provides a distinct demonstrationof the ice dynamics' e�ect on the ice distribution. This will become even clearer in thenext subsection, by a comparison with a thermodynamic-only ice model run.5.7.2 Without dynamic e�ectsIn order to illuminate the role of dynamics in the sea ice model, the model has beenrun in a thermodynamics-only mode, i.e., ice velocities are not calculated and set tozero instead. Thus, ice advection is eliminated. Horizontal maps of mean ice thicknessand concentration are given for February 5 (Fig.39), the same date used in the previoussection to show the e�ect of the wind event. Contrary to the dynamics case (Fig.37),the thermodynamics-only run shows no sign of ice-free areas or reduced concentration.Instead, a nearly homogeneous thickness of around 15 cm thermodynamically grownice �lls the Bothnian Bay and the eastern Gulf of Finland. Concentrations are greaterthan 0.7, except at the ice edge. Thicknesses and concentrations are listed for both fulland thermodynamic-only cases in Table 7.Date Dynamics minimumconcentration maximumconcentration maximumthicknessJan 28 no 0.66 0.84 18.03Jan 28 yes 0.55 0.99 24.75Feb 5 no 0.70 0.81 18.66Feb 5 yes 0.0 0.99 77.44Feb 25 no 0.74 0.90 22.27Feb 25 yes 0.62 0.99 74.53Table 7: Minimum and maximum concentration and thickness at 3 days in 1993 forexperiment with and without ice-dynamics for the Bothnian Bay.This striking di�erence clearly illustrates the role of dynamics: redistribution of icevolume in dependence on local conditions and mechanical ice properties. An omissionof this controlled ice drift cannot lead to adequate �elds of ice thickness and concentra-tion. As the ice distribution is an important quantity in determining ocean-atmosphereor ice-ocean-atmosphere 
uxes, dynamics should not be omitted. Furthermore, ice dis-tribution is important output quantity in itself for the regional climate project SWE-CLIM. Climate impact estimates based on SWECLIM results will bene�t from a fulldynamic-thermodynamic ice model. 84



Figure 39: Mean ice thickness (in cm) and concentration from February 5, 1993, usinga thermodynamical ice model only (colour bars as in Fig.37 and 38).85



6 SummaryWithin SWECLIM a 3D fully coupled ice-ocean model has been developed based onthe massively parallel OCCAM code from Southampton. Compared to the global OC-CAM the model has to be adopted to Baltic Sea conditions with implementations ofhigh-frequent atmospheric forcing �elds in connection with adequate bulk formulaefor wind stress, heat 
uxes and freshwater 
uxes, solar radiation, river runo�, activeopen boundary conditions, a second-order moment turbulence closure scheme and adynamic-thermodynamic sea ice model. Thereby, state-of-the-art sub-models and pa-rameterizations have been used. RCO is the �rst 3D coupled ice-ocean model for theBaltic Sea with the above mentioned speci�cations suitable for use on mpp computerslike CRAY-T3E's. Thus, a milestone for 3D ocean model development has been set.No other model is as fast as RCO. The performance has been improved signi�cantlyusing advanced algorithms to optimize processor maps. This guarantees work load bal-ance between the di�erent processors. From now on it is possible to perform longtermsimulations (10 years) within SWECLIM using a su�ciently resolved 3D Baltic Seamodel.The open boundary conditions have been tested. They allow waves to radiate out ofthe model domain and signals prescribed at the border to in
uence the model interior.No signi�cant trends (like emptying or �lling) have been observed which might preventlonger integrations of the system. An option has been included in RCO for active openboundary conditions also for temperature and salinity. For the �rst time the turbulenceclosure model has been tested within a 3D model in all Baltic sub-basins. The new
ux boundary conditions for turbulent kinetic energy parameterizing breaking surfacewaves perform well.First results for the hindcast period 1992/93 are presented. Therefor, realistic atmo-spheric, runo� and boundary data have been used. The model is initialized usingobserved pro�le temperature and salinity data. A spin-up period of 3 months startingin May is su�cient to smooth out arti�cial gradients from the initialization procedureand to turn in basin wide volume changes correctly.The model results have been compared to sea level, sea surface temperature, temper-ature/salinity pro�le and ice thickness/compactness data with good agreement. Basinwide volume changes as well as daily sea level oscillations are simulated surprisinglygood. Sea surface temperatures follow the observed seasonal cycle. Up- and down-welling events in RCO occur as observed with the right frequency and area extent butthe sst's tend to be colder in upwelling and warmer in downwelling regions comparedto observations. Mixed layer depths, which are important for the ocean heat content,agree well with previous model studies which are validated against observations in-tensively (Meier, 1996). The water exchange between Baltic and North Sea crucialfor multi-year integrations is modelled realistically. Especially the salt water in
ow inJanuary 1993 can be reproduced. The bottom water in Bornholm Basin is replacedby new water originating from the North Sea but maximum observed bottom salin-ities at Bornholm Deep are underestimated by 1 � 2PSU . Freezing, breakup date86



and maximum ice extent are in good correspondence with observations. Improved pa-rameterizations result in modelled ice thicknesses as observed whereas other authorsreport too large ice thicknesses and delayed ice melting (e.g., Haapala and Lepp�aranta,1996). Multi-year simulations including mild, normal and severe winters will be neces-sary to elucidate this problem further. A comparison between an experiment with fulldynamic-thermodynamics and one without dynamic e�ects reveals the importance ofice advection under wind in
uence. A process study from the beginning of February1993 showed that under strong wind conditions a hole in the ice coverage can openwith the size of half of the Bothnian Bay. At the end of January 1993 the BothnianBay, the coastal area of the Bothnian Sea and the eastern parts of the Gulf of Finlandare ice covered. A couple of days later westerly winds led to wide open areas in thewestern Bothnian Bay while ice piled up at the eastern coasts to a correct amount.This phenomenon can be modelled only with ice dynamics included.The aim of SWECLIM is to increase our knowledge of the e�ects of climate changein Sweden and the other Nordic countries. Therefor, it is necessary to understand thepresent climate. For the Baltic Sea even the knowledge about the present mean stateand its transients is rather poor. Only a small number of long-time observations likesea level records (for example from Stockholm, see Ekman (1988)), maximum annualice extent (e.g., Palosuo, 1953; Sein�a and Palosuo, 1993) or temperature and salinitypro�les from monitoring stations in some of the sub-basins (e.g., Matth�aus and Frank,1992) are available. These informations are not enough to understand the drivingmechanisms of mean horizontal and vertical transports of energy, momentum and mat-ter. 3D Baltic Sea models like RCO will close this knowledge gap in future. Thereby, itwill be possible to close the water and energy cycle of the Baltic catchment area, a �nalgoal of BALTEX. By applying atmospheric forcing data from scenario simulations inone- or two-way coupled mode it will be possible to make predictions of climate changefor the Baltic Sea. Impact studies of the future marine environment will be availableusing detailed highly resolved information from RCO. This report presents a powerfultool for solving these and other tasks.
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7 OutlookThe future outlook of the oceanographic 3D modelling activities within SWECLIMcan be structured in three parts as followed: sensitivity and process oriented studies,model improvements and atmosphere-ice-ocean coupling.7.1 Process oriented studiesThe next step within SWECLIM will be to perform multi-year simulations for thewhole hindcast period 1980-1993 to validate the coupled ice-ocean model, RCO, inclimate mode. Process oriented studies are under development with focus on seasonalto interannual timescales to investigate a) the horizontal and vertical circulation andb) horizontal and vertical heat transports. The role of sea ice in the climate systemwill be explored.Today we don't know how the estuarian circulation of the Baltic works because of thehigh variability overlaying longterm means. The �rst results of RCO for 1980-1993 (notshown in this report) reveal that the mean wind-driven horizontal circulation (simplymean Ekman) in
uences also the vertical balances so that the traditional view of a twolayer transport system needs to be revised. This e�ect is not included in the box modelapproach. Idealized response experiments with di�erent wind �elds, freshwater 
uxes(river runo�, precipitation), sea level forcing in the Kattegat, ice coverage (ice/no ice)will elucidate the important processes and involved timescales.A second set of process oriented studies will be performed to quantify the heat budgetof the Baltic Sea. Questions like� Are horizontal heat transports in the Baltic Sea important?� What is the role of up- and downwelling regions which are not included in boxmodels?� What is the role of sea ice and leads for the regional climate?etc. will be explored. Today no climatology of surface heat- and freshwater 
uxes isavailable. SWECLIM aims to close this knowledge gap. Using the ECMWF reanalysisdata as forcing additionally will give an uncertainty range imposed on the Baltic Seaclimate due to inaccuracy of the atmospheric forcing �elds.7.2 Model improvementsAs outlined in the report model improvements are necessary. In the sea ice modelexplicit ridged ice need to be included. So far ice thickness and ice concentration inthe Rossby Centre sea ice model are calculated from a two-level approach. Withouttoo much additional resources more ice classes (level ice, ridged ice, etc.) can be con-sidered. Including a statistical ice thickness and leads distribution will in
uence thelocal heat 
uxes. Lead opening due to shear deformation need to be added to the88



prognostic equation for ice concentration. A more sophisticated snow model will givea better representation of the surface albedo. The impact of these improvements willbe tested.A bottom boundary layer model will be embedded. Coarse resolution level models haveproblems with over
ows. As the Baltic Sea topography shows several sills and deepchannels between the di�erent basins, simulated mean transports of in
owing saltwaterare underestimated. To parameterize the bottom boundary layer an adequate modellike the one described by D�oscher and Beckmann (1999) will be useful.A new version of RCO will be extended towards the North Sea because for scenariosimulations no sea level observations are available to be prescribed at the open bound-aries in Kattegat or Skagerrak. The strategy has been discussed in Section 2.5 in detail.7.3 Atmosphere-ice-ocean couplingThe oceanographic and atmospheric models at the Rossby Centre, RCO and RCA(see Rummukainen et al., 1998) will be connected, to enable a fully 3D coupled modelsystem of the Nordic Area (RCAO). The coupling requires either the development oradaption of a coupling interface program (the "coupler"). Special emphasis will begiven to the strategies of coupling and spin-up and to the matching of 
uxes betweenthe component systems. The coupled model RCAO will then be validated in a 10-yearhindcast integration with a later extension to the BRIDGE period. This will allow usto examine consistent budgets of heat, water and energy in the fully coupled systemfor the �rst time. Later, the coupled system can be applied to future scenarios.
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