


Cover illustration: 13-year mean heat flux from RCO 1.0 hindcast run, 6 nm, for
the period 1980-1993 (right panel) compared with 10-year mean heat flux from RCA1l
control run, 22 km (left panel). Positive values indicate fluxes (in W m™2) into ice or
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1 Introduction

The hydrography of the Baltic Sea is determined mainly by four factors (Méalkki and
Tamsalu, 1985):

e atmosphere-ice-ocean interaction

e water exchange through the Danish Straits

river discharge

bottom topography.

The water exchange and river runoff determine the stratification of the water masses
into a homogeneous upper layer and a stratified lower layer. Due to the stratification,
the atmosphere influences mainly the homogeneous upper layer although also the lower
layer is affected. For example the internal wave field is governing deep water mixing.
During the summer, the upper layer is heated and a seasonal thermocline is established.
During late autumn and winter, vertical convection erodes the thermal stratification,
resulting in the characteristic two-layer structure of the Baltic Sea. The bottom to-

pography separates the subhalocline water masses into separate basins, delimited by
high sills.

The Swedish Regional Climate Modelling Programme, SWECLIM, aims to increase
our knowledge of effects of climate change in Sweden and the other Nordic countries
(SWECLIM, 1998). Hence, the oceanography modeling activities within SWECLIM
aim to simulate and to understand long-term changes of Baltic hydrography. The in-
fluence of the listed factors are investigated utilizing different numerical models of the
Baltic Sea. Among these activities simulations of the hindcast period from May 1980
until December 1993 have been performed using the Rossby Centre Ocean model, RCO
(Meier et al., 1999). These multi-year experiments have been done with the intention
to validate the coupled ice-ocean model with available observations of the present cli-
mate, i.e., sea level, temperature, salinity, maximum ice extent and ice thickness data.
Although the period of more than 13 years is not long enough to determine the Baltic
Sea mean state, the model performance with respect to interannual variability can be
tested. For example, sea ice seasons with mild, normal and severe winters are included
in the test period as well as one major salt water inflow in January 1993 at the end of
the hindcast period. The 16 year stagnation period between 1976 and 1992 serves as an
excellent test for deep water parameterizations. Thereby, important requirements are
to keep the stratification during the integration stable and to avoid artificial erosion
of the halocline due to numerical shortcomings. Problems with discretization and pa-
rameterization schemes are often hidden in short simulations but will show up clearly
during long-term integrations.

Nevertheless, the period 1980-1993 has been selected mainly due to the availability of
homogeneous observational data sets for atmospheric variables and river runoff with
sufficient quality to force a 3D Baltic Sea model. In addition, for model initialization
and model validation a lot of measurements can be used whereas former periods are
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characterized by less available data.

Furthermore, a set of sensitivity and process oriented studies have been performed.
Thereby, different mixing and surface flux parameterizations, advection schemes and
open boundary data have been tested. Experiments with reduced mean wind speed,
completely omitted wind, increased river runoff, with ice dynamics and thermodynam-
ics and with thermodynamics only have been performed and analyzed. The sensitivity
studies aim to increase our understanding of the processes involved. Especially, the
interest is focused on the mean circulation and on vertical and horizontal heat trans-
ports in the Baltic Sea and its long-term changes.

It is worth to stress that for the first time results from multi-year simulations (more
than 10 years) using a 3D Baltic Sea model are presented and compared with observa-
tions. So far, long-term studies of the Baltic Sea were restricted to process oriented,
horizontally integrated models (e.g., Stigebrandt, 1983; Omstedt and Nyberg, 1996;
Omstedt, Meuller and Nyberg, 1997; Omstedt and Axell, 1998). Due to the compu-
tational burden of resolving the complicated bottom topography of the Baltic Sea 3D
models have been used only for shorter integrations (e.g., Kielmann, 1978; Lehmann,
1995; Meier, 1996). The development of a coupled ice-ocean model based on massively
parallel coding for use on super computers like a CRAY-T3E as described by Meier et
al. (1999) allows now multi-year simulations within SWECLIM. Here, first results are
presented.

The report is organized as follows: In the second section a short summary of changes
for the used model version is given. For further information about the model configura-
tion the reader is referred to Meier et al. (1999). Results of the validation are discussed
in the third section. The mean state of simulated Baltic Sea variables and mean sea
surface fluxes are presented in the fourth and fifth section, respectively. Results of
selected sensitivity and process oriented studies are shown in the sixth section. The
report ends with a summary.



2 Description of the model version

2.1 Resolution

For the multi-year simulations RCO version 1.0 as described by Meier et al. (1999) has
been used with a horizontal resolution of 6 nautical miles and 41 vertical levels with
layer thicknesses between 3 and 12 m. Due to the computational burden the coarser
horizontal resolution is necessary for the moment to perform many test runs of the
long period.

2.2 Deep water mixing

The Baltic Sea is a stratified estuary with a halocline preventing surface generated
wind mixing to influence deeper layers on seasonal time scale. However, for climate
studies deep water mixing needs to be taken into account (Stigebrandt, 1987; Axell,
1998). The k — e model is extended to include a parameterization for breaking internal
waves:

v = vy 4+ 0y min (%, Vo’maz> . (1)

Here, v; denotes turbulent viscosity, o; turbulent Prandtl number, N Brunt-Viisila
frequency, a and vy ., constants. Different values for the mixing parameter o have
been tested in the range o = 0.5 — 2 - 1073em? s~2. Correspondingly, the maximum
background mixing has been chosen to vg mqee = 0.5 —2cm? s~!. The turbulent Prandtl
number is calculated from an empirical formula which depends on the Richardson num-
ber (Blanke and Delecluse, 1993). This and the k& — € model is described by Meier et
al. (1999) and Meier (1999).

2.3 Forcing and initial data

The data sets as described by Meier et al. (1999) have been used as forcing (SMHI’s
atmospherical and hydrological data bases). Sea level data from the Swedish tide gauge
Ringhals (Varberg) have been prescribed at the open boundaries of the model domain
and in case of inflow temperature and salinity is relaxed towards climatological profile
data from Kattegat. From observed temperature and salinity profiles initial conditions
have been generated for May 26, 1980. The initialization and spin-up procedure is the
same as for the shorter validation period 1992/93 and described by Meier et al. (1999)
in detail.

2.4 Sea ice model

As in Meier et al. (1999) a thermodynamic-dynamic sea ice model with 2 levels (open
water and level ice) has been used. There is no distinction between deformed and un-
deformed ice yet. More sophisticated models as described by Haapala and Lepparanta
(1996) or Haapala (1999) take different ice classes into account. In Meier et al. (1999)
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only a simple parameterization for ridged ice to reduce ice growth for ice thicknesses
above a certain threshold has been utilitized. It turned out that this results in too
small ice thicknesses in some years. Hence, no parameterization for ridged ice is used
in this report. To avoid unrealistic ice growth minimum bottom heat fluxes between
ocean and ice have been optimized to simulate observed ice thicknesses during the
whole 13-year period (cf. Eq.110 with Aty = 0.1ems™ and AT, = 0.6°C by
Meier et al., 1999).

3 Model-data comparison

3.1 Temperature

The results of the 13 year long simulation have been compared to monitoring pro-
file data from the Swedish Ocean Archive SHARK (Svenskt HavsARKiv, SMHI). The
analysis was focused on Kattegat (Anholt East, AE), Arkona Basin (Arkona Deep,
BY2), Bornholm Basin (Bornholm Deep, BY5), Eastern Gotland Basin (Gotland Deep,
BY15) and Northwestern Gotland Basin (Landsort Deep, BY31). The locations of the
monitoring stations are depicted in Figure 5 by Meier et al. (1999).

Figure 1 shows observed (a) and simulated (b) isotherm depths from May 1980 until
July 1993 at Gotland Deep. For this time period 102 profiles with sufficient quality are
available. The model profiles have been extracted at the same dates as the data to avoid
the comparison between highly resolved model results and undersampled observations.
The seasonal cycle of the thermocline in Gotland Basin and the other sub-basins is
simulated in good agreement compared to the data. There is slight underestimation of
mixed layer depth in some years indicating inaccuracy of the atmospheric forcing data.
No systematic trends have been observed indicating shortcomings of the turbulence
model. The initial profile for Gotland Basin taken from the observations is obviously
too warm causing the difference between simulated and observed deep water temper-
ature. The decrease of temperature follows the decrease of salinity in the deep water
(see next subsection).

Another example is shown in Figure 1c and 1d. In the shallower (100m deep) Born-
holm Basin the seasonal wind mixing influences the whole upper layer of the water
column above the halocline where the salinity is almost constant. For Bornholm Deep
193 observed profiles have been used. The agreement is as good as for the Gotland
Deep. In some years the mixed layer depths in summer are underestimated.

3.2 Salinity

Figure 2 shows observed and simulated isohaline depths at Gotland Deep. During
the 16 year long stagnation period between 1976 and 1992 the salinity in the deeper
layer of the Baltic Sea decreases remarkable. For comparison 3 different simulations












For the monitoring station Anholt East in Kattegat 233 profiles of sufficient quality
are available. Figure 3c and 3d show observed and simulated isohaline depths, respec-
tively. In Kattegat the depth of the halocline is simulated correctly and the salinity of
the deep water is close to 33.5 PSU, the climatological value for the period 1980 until
1993. The agreement between data and model results is very satisfactory. However,
during single events surface salinity tends to be too low. This happens in distinct out-
flow situations and in situations of high wind speeds when wind generated turbulence
causes mixing across the halocline. Obviously, the turbulence model generates too less
mixing in case of a highly stratified water column.

3.3 Sea level

Figure 4 shows simulated 12-year mean sea surface height. The mean sea level increases
from Kattegat to the Gulf of Bothnia and to the Gulf of Finland with about 25 to 35
cm. The slope is caused by freshwater supply of rivers located mainly in the northern
and eastern parts of the Baltic Sea. In addition, the mean wind speed from South-West
direction contributes to the slope in sea surface height (see Section 6.3). Also shown in
Figure 4 are values of the mean sea level of selected tide gauge positions in comparison
to the geoid solution of Ekman and Makinen (1996). They designed a consistent
height system for comparisons between geodesy and oceanography for the Baltic Sea
area. Ekman and Mékinen (1996) computed mean sea surface topography geodetically
in this height system at 42 reliable long-term sea level stations, connected by high-
precision levelings, along the coasts of the Baltic Sea, the Kattegat, the Skagerrak and
the adjacent part of the North Sea. The agreement between mean sea surface height
in RCO and the geodetic result is very good. Differences occur only in the Kattegat
and Baltic entrance area and in the Gulf of Finland. As RCO is used with the coarse
horizontal resolution of 6 nautical miles the topography of the Danish Straits is not
well represented in the model and had to be changed artificially. Especially, volume
transports through the Sound cannot be correct. Hence, observed and simulated sea
surface heights are different in the Danish Strait region. The reason for higher mean
sea level in the Gulf of Finland might be an overestimation of mean wind speed in the
atmospheric data set (see the discussion in Section 6.3).

3.4 Sea ice

Prognostic variables of the ice model are ice velocities, ice thickness, ice concentration,
snow thickness, heat content of brine, surface temperature, temperature of snow layer
and temperature of ice layers. As observations for most of these variables are missing,
especially for long-term integrations, the validation is focused on ice extent and ice
thickness. Statistical data can be found in “Climatological Ice Atlas for the Baltic Sea,
Kattegat, Skagerrak and Lake Vanern (1963-1979)” published by the Swedish Meteoro-
logical and Hydrological Institute and the Finnish Institute of Marine Research (SMHI
and FIMR, 1982). However, colder winters occurred during the period 1963-1979 than






ICE EXTENT

400

300

200

ICE COVERED AREA [10%9 Me<2]

llllllI|lllllTllllIlllllllllllllIllllllllllllll
coveves b e b b

o
——
L

b

-

L1

TIME [0AYS]

Figure 5: Simulated ice covered area (in 10°m?) for the period May 1980 until July
1993. Squares denote observed mazimum ice extent (adopted from Omstedt and Nybery,
1996).

However, the detailed comparison with ice maps of the ice season 1992/93 for the whole
ice covered area (see Meier et al., 1999) suggests that the overall ice thicknesses are
simulated correct. A more systematic analysis comparing ice thickness distributions for
different sub-basins is necessary to elucidate this point further. Improved horizontal
ice thickness distributions are expected when ridged ice will be included. According
to Bertil Hakansson (pers.comm.) the lack of snowice formation in the model might
explain underestimation of ice thicknesses.

ICE THICKNESS AT KEMI
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Figure 6: Simulated ice thickness (in cm) for the period May 1980 until July 1993
at the monitoring station Kemi (Bothnian Bay). Plus signs denote observations from
Seind and Peltola (1991) and Seind et al. (1996).
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3.4.3 Air temperature at Kemi

Maximum ice extent and air temperature in winter are highly correlated (see e.g., Om-
stedt and Chen, 1999). In Figure 7 air temperatures at the monitoring station Kemi in
the Bothnian Bay for 3 selected years are depicted. The ice season 1983/84 is classified
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Figure 7: Air temperature (in °C) for the periods 1983/84 (a), 1986/1987 (b),
1991/1992 (c) at the monitoring station Kemi. The time series start in May and
end in June of the following year. The figure shows data from the Ice Data Bank
(solid) and from the SMHI database (dashed).

as normal, 1986/1987 as severe and 1991/1992 as mild winter (Haapala et al., 1996).
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Comparing Fig.7 and Fig.5 the high correlation between both variables is obvious. The
solid curves in Fig.7 denote observations from the Ice Data Bank (Haapala et al., 1996)
and the dashed curves are extracted time records from the atmospheric forcing fields
for RCO. These data are observations from the SMHI database which are interpolated
first on a 1° X 1° horizontal grid (Lars Meuller, pers.comm.) and second on the RCO
model grid (Meier et al., 1999). To test how much the interpolation changes the origi-
nal observations the two curves have been plotted together. The deviations are visible
but quite small.

Shortcomings of the RCO atmospheric forcing are expected because most of the ob-
servations in the SMHI database are related to land stations. Thus, a cold bias of air
temperature in winter over sea of the order of 2 — 3°C is very likely. This is approxi-
mately the 10-year mean winter (December/January/February) land-sea difference in
2m air temperature over the Bothnian Bay calculated from the RCA1 control run us-
ing the 22 km horizontal resolution (Jouni Rdisdnen, pers.comm.). However, sensitivity
experiments for the ice season 1992/93 have shown that this difference is too small to
affect ice extent and ice thickness seriously.

3.4.4 Mean seasonal cycle of ice extent

Figure 8 shows observed and simulated mean time evolution of relative ice cover and
standard deviations. The simulated period covers 13 ice seasons between 1980/81 and
1992/93. The observations were taken from “Climatological Ice Atlas for the Baltic Sea,
Kattegat, Skagerrak and Lake Vénern (1963-1979)” (SMHI and FIMR, 1982) for the
6th, 16th and 26th for each month except February 25th (Jouni Riisénen, pers.comm.).
The first value is for the 6th of November and the last for 26th of May. Thus, the ice
atlas data covers 16 ice seasons (1963/64-1978/79).

Simulated mean time evolution and variability agree quite well with observations al-
though the data originate from a different period. Obviously, simulated ice melt in
spring occur earlier than in the observations. However, colder winters during 1963-
1979 than during 1980-1993 might affect the mean melting dates. Both time periods
are too short to determine a stable frequency distribution.

4 Mean ocean and ice variables

Several mean quantities like sea surface temperature, sea surface salinity, sea surface
height, vertical integrated volume and heat transport, heat content, horizontal current
velocity at different cross sections, ice thickness and ice concentration have been calcu-
lated. From these variables only mean sea surface height and mean time evolution of
ice extent have been validated yet. A comparison with available climatological observa-
tions for temperature and salinity (Jansson et al., 1999) is still missing. However, one
has to keep in mind that the averaging interval is only 13 years long which is too short
to determine the mean state of the Baltic deep water. The renewal timescale of the
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Figure 8: Frequency distribution of Baltic Sea ice area. The long-dashed curve denotes
the simulated mean time evolution of relative ice cover for the period 1980/81-1992/93.
The two short-dashed curves shows the range of variability defined by added or sub-
tracted standard deviations. Correspondingly, is the solid curve the observed mean
time evolution of ice area for the period 1963/64-1978/79 (SMHI and FIMR, 1982)
and the two dotted curves denote the range of variability.

saline bottom layer is determined by vertical diffusion and is of the order of 30 years.
In addition, the system is forced by intermittent major salt water inflows (Matthius
and Franck, 1992) and by highly variable river discharges (Bergstrom and Carlsson,
1994). Hence, an average over a 13-year timeslice is not representative for the mean
state of the Baltic Sea.

4.1 Sea surface temperature

A map of mean sea surface temperature is shown in Figure 9a. Calculated temperatures
range from 5 to 10°C approximately. The different sub-basins have different mean
temperatures showing the influence of the topography on mean horizontal heat fluxes.
The temperatures in the Bothnian Bay and Bothnian Sea are around 5 to 6 °C, in the
Gulf of Finland 6 to 7°C, in the Baltic proper 7 to 9°C and in Kattegat and southern
Baltic 9 to 10°C. Within the Baltic proper a pronounced east-west gradient of about
2°C is observed. Colder water dominates in upwelling areas close to the Swedish coast
and also close to the Finnish coast in the Gulf of Finland whereas warmer temperatures
indicate downwelling areas close to the Polish, Lithuanian, Latvian and Estonian coast
at the Baltic proper east side. The warmest mean temperatures are related to shallow
coastal areas in the Mecklemburg and Gdansk Bight.
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4.2 Sea surface salinity

In Figure 9b mean sea surface salinity is depicted. The salinities range from 0 to
27 PSU. At Anholt East in the Kattegat surface salinity amounts to 20 PSU and in
the Baltic proper to 8 PSU. A strong salinity gradient in Kattegat and in the Danish
Sounds marks the border between North Sea and Baltic Sea water. Between the Baltic
proper and the Bothnian Bay or the Gulf of Finland salinity decreases to almost zero.

4.3 Temperature and salinity section

In Figure 10 a cross section of mean temperature and salinity through the whole Baltic
Sea is depicted. Successively, the section meets Kattegat, Belt Sea with Darss Sill,
Arkona Basin, Bornholm Basin, Gotland Deep, Aland Sea, Bothnian Sea and Both-
nian Bay. As illustration of the Baltic topography the reader is referred to Figure 3 by
Meier et al. (1999). In Kattegat, the western Baltic Sea (Arkona and Bornholm Basin)
and in the Gotland Basin the water masses are separated clearly into a homogeneous
upper layer and a stratified lower layer as shown in Fig.10b. The outcrop of isohalines
at the sea surface in the Belt Sea may indicate the existence of the Belt Sea front which
is smeared out in the 13-year mean. The isohalines in the Gulf of Bothnia are weakly
inclined and salinity gradients are much smaller. The strongest vertical gradients occur
in Kattegat.

Mean temperatures in the western Baltic Sea and in the Gotland Basin reveal a 3-layer
structure: warm surface water, cold intermediate water and a bottom layer with mod-
erate temperatures. The permanent thermocline separating the warm surface water
from the remaining water body has a decreasing depth from Arkona Basin to the Bay
of Bothnia. This surface layer is influenced by the seasonal warming directly. The
cold intermediate layer with temperatures between 2 and 4°C is formed in winter by
convection. The saline bottom layer in Bornholm and Gotland Basin has temperatures
between 4 and 7°C.

4.4 Horizontal volume transports

Vertical integrated volume transports (Fig.11a) have typical patterns with only small
interannual variability (not shown). Cyclonic cells cover each sub-basin with much
smaller transports through the narrow channels connecting the sub-basins which are

two orders of magnitude smaller approximately. Maximum mean transports are of the
order 10*m3 s~1.

In the vertical the mean current structure differs on different locations (not shown).
Figure 11b shows a section across the entrance of the Gulf of Finland in North-South
direction (i.e., Finland is to the left and Estonia to the right). At the surface and
close to the bottom mean currents are directed into the Gulf of Finland separated by
inflowing water in depths between 15 and 40 m. Maximum velocities are 1.8 cm s~!
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Kiel Baltic Sea model (Lehmann, 1995) with a horizontal resolution of 5km. Annual
mean velocities in this model vary between 15c¢m s~! at the surface and —4.0 cm s™1
at the bottom. Whether the difference in magnitude between the two models is caused
by the different horizontal resolution or by the different averaging period cannot be
decided yet. A discussion of the results is given in Section 6.3.

4.5 Horizontal heat transports

Mean horizontal heat transports are distributed similar as the mean volume transports
(not shown). Within the Gotland Basin heat is transported from South to North ef-
fectively. However, there is no corresponding conveyor belt like in the North Atlantic
transporting heat through the whole Baltic from the entrance area to the Bay of Both-
nia. The heat transport through the Danish Strait is negligible.

4.6 Ice thickness and concentration

Figure 12 shows mean ice thickness and ice concentration averaged over all seasons of
the 13 years. The boundary of mean ice concentration of the simulated period 1980-
1993 greater zero agrees well with the climatological average ice extent during a normal
winter (Omstedt and Nyberg, 1996). As expected ice concentration and ice thickness
are highest in the north-eastern part of the Bothnian Bay and in the eastern part of
the Gulf of Finland. Local maxima are found in the narrow channel between Bothnian
Bay and Sea (Quark). Local minima of ice concentration occur in the southern central
parts of Bothnian Bay and Bothnian Sea. Absolute values are not discussed here be-
cause they depend on the summation procedure (in Fig.12 all seasons are included).

5 Mean sea surface heat fluxes

During the integration sea surface fluxes are summed up in RCO every time step for
heat and freshwater analysis. A momentum budget has not been considered yet. As
the daily cycle is included in the solar radiation model (cf. Section 2.3 by Meier et al.,
1999) summation during the model integration is necessary. Snapshots of prognostic
ice and ocean variables are written to disk every second day only. The idea behind
the heat flux analysis is to calculate closed heat budgets for atmosphere, ice and ocean
separately. As outlined below difficulties arise in case of closed budgets for ice and
ocean. Hence, the report is focused on a heat budget for the atmosphere.

The total heat flux (Qror) from the atmosphere into the coupled ice-ocean system
consists of 10 components: shortwave (Qsw ), incoming (Qrw ;) and outgoing (Qrw +)
longwave radiation, sensible (Qs) and latent (Qr) heat flux into the ocean and into
the sea ice:

Qror = Q07| noice (1 — ¢) + Qror|ice (2)
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with
QTOT'noice = QSW|noice + QLWi]noice - QLWT|noice + Q5|noice + QLInm’ce . (3)

and a corresponding formula for the ice case. The used bulk formulae are given by
Meier et al. (1999) in Equation (34), (36), (40), (41), (45), (46) for the ocean and
in Equation (102), (103), (104), (105), (107) for the sea ice. During the summation
the fluxes into the sea ice must be multiplied with ice concentration ¢ and the fluxes
into the ocean with 1 — ¢. Thus, atmosphere-ocean heat fluxes in leads are taken into
account.

Contrary, a closed heat budget for sea ice is more complex than for the atmosphere.
In addition to the 5 flux components at the atmosphere-ice surface one has to consider
lateral melting and freezing, solar radiation penetrating the ice Q% (Eq.129), heat
storage in brine pockets Wj,; (Eq.118) and an ice-ocean heat flux Qpotiom (Eq.110).
According to Semtner (1976) heat flux differences are then used to calculate melting
on top of the ice and melting or freezing at the bottom (Eq.115 and Eq.117).

The heat budget for the ocean is calculated from the fluxes at the ice-ocean interface
(penetrating solar radiation and ice-ocean heat flux) multiplied with the ice concentra-
tion plus the atmosphere-ocean fluxes multiplied with 1 —c¢. In case of lateral freezing,
all the atmospheric cooling expressed by the volume per unit area of new ice V.,
is used to close leads. In case of lateral melting however, the heat flux from the at-
mosphere is divided among lateral melting of ice and warming of water using the ice
concentration ¢ (cf. Eq.126 and 128 or Harvey, 1988). Hence, the atmosphere-ocean
flux in leads Qror (1 — ¢) is zero in case of freezing and is multiplied with a factor 1 —c¢
in case of melting to express a decreasing melting effect with increasing ice-free area.
As a number of thresholds are necessary for numerical reasons, the explicit calculation
of a separate ocean or ice heat budget is quite complicated.

5.1 Net heat fluxes into the atmosphere

Figures 13 and 14 show mean sea surface heat fluxes in RCO averaged for the period
June 1980 until May 1993. Positive values indicate fluxes into ice or ocean. In Fig.13a
the net heat flux Qror between atmosphere and ice/ocean is depicted. Simulated heat
fluxes range from —60 to 60 W m™2. The ocean gains heat from the atmosphere mainly
in the northern Bornholm and southern Gotland Basin, in the southern Bothnian Sea
and in coastal areas in Kattegat, in the Gulf of Finland close to the Finnish coast and in
the southern Gulf of Riga. The ocean looses heat in the eastern and northern Gotland
Basin, in the north-eastern Bothnian Sea and in the whole Bothnian Bay. In Gotland
Basin the net heat flux is correlated to mean sea surface temperature (cf. Fig.9a) which
is caused by northward horizontal heat transport in the ocean and up- and downwelling
areas at the coast. The local maximum of net heat loss in the southern Bothnian Bay
coincidences with a local minimum of ice thickness and ice concentration (cf. Fig.12)
emphasizing the role of sea ice for atmosphere-ocean heat fluxes (cf. Section 6.5 and
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6.6).

For comparison Fig.13b shows the 10-year mean heat flux in RCA1 control run using
the 22 km resolution (Jouni Réisinen, pers.comm.). Version 1 of the Rossby Centre
regional Atmospheric climate model, RCA (see e.g., Rummukainen et al., 1998), is cou-
pled with the process oriented, horizontally integrated Baltic Sea model from Omstedt
(1990). Boundary data from the global ocean-atmosphere circulation model HadCM2
have been used. The two heat flux maps look somehow similar and the absolute ranges
of numbers agree quite well. In RCA1 and RCO 1.0 the Baltic gains/looses heat in the
southern/northern Gotland Basin and in the southern/northern Bothnian Sea. Obvi-
ously, mean horizontal heat transport from South to North within each sub-basin work
similar in both Baltic Sea models.

However, there are also many differing details. The western Baltic Sea (Arkona and
Bornholm Basin) looses heat in RCO 1.0 and gains heat in RCA1. The distinct heat
loss area in the eastern Gotland Basin related to coastal downwelling does not occur in
RCA1. About the reasons only speculations are possible for the moment. Horizontal
transports between horizontally integrated sub-basins in the RCA1 ocean model are
parameterized and the mean wind-driven circulation (Fig.11) as well as up- and down-
welling effects are not included. The latter two processes explain the distribution of
mean sea surface temperatures in the Baltic proper as discussed in Section 6.3. Thus,
their omission causes different net heat flux patterns. Also different in RCA1 and RCO
1.0 is the net heat flux in Bothnian Bay which is influenced very much by sea ice in
general (cf. Section 6.5) and by ice dynamics in special (cf. Section 6.6). The mini-
mum /maximum structure in the two models is reversed.

In RCA1 the heat fluxes of the atmospheric model differ from those of the Baltic Sea
model. Different parameterizations and bulk formulae are the reason. Hence, it is not
possible to calculate a consistent heat budget for the whole system of atmosphere, ice
and ocean. From Fig.13b one can see that areas with positive net heat flux over the
Baltic are much larger than areas with negative one. If the Baltic Sea model is using
these heat fluxes, it will gain heat from the atmosphere totally and will transport heat
through the Danish Straits out of the Baltic. Indeed, this is not the case because the
ocean model uses different heat fluxes than depicted. As shown by Omstedt and Rut-
gerson (1999) Omstedt’s model transports only a small amount of heat through the
Danish Straits when observed atmospheric forcing is used. The same result is achieved
using a 3D model like RCO or the Kiel Baltic Sea model for example. The volume
transports through the narrow and shallow channels are too small. Thermodynamically
the Baltic Sea can be treated as a lake (Anders Omstedt, pers.comm.). Inconsistent
atmosphere-ocean heat fluxes in RCA1 make heat budget calculations impossible.

5.2 Heat flux components

In Figure 14 (a)-(d) the components of net heat flux Qsw, Qrw, Qs and Qp are
depicted. Thereby, each heat flux is composed of two components. For example the
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shortwave radiation is calculated according to

Qsw = Qsw|noice (1 — ¢) + Qswlice €, (4)

whereby the second term is much smaller than the first one. Shortwave radiation is
always positive of course and is mainly distributed in latitudinal direction. Net long-
wave radiation, sensible and latent heat are always negative and show similar patterns
than the net heat flux but with local deviations.

Figure 14e shows the net heat flux into the ice neglecting lateral freezing and melting:

QTOT'ice = QSW'ice + QLWJ,'ice - QLWT"ice + QSlice + QL‘ice - Q?W - Qbottom . (5)

As the mean flux is always negative (out of the ice) the heat budget is not closed for
the ice. At the coasts negative values of up to —18 W m~2 are calculated whereas in
central basins the net heat flux into the ice is almost zero. Obviously, lateral melting
contributes significantly in fast ice regions. Further analysis is necessary to elucidate
this point.

Figure 14f shows the bottom heat flux between ice and ocean Qpottom (positive into the
ocean). This flux must be always negative because sea surface temperature is limited
by freezing point temperature. Thus, the ice gains always heat from the ocean. The
pattern is highly correlated with the mean ice concentration distribution (cf. Fig.12b).

5.3 Mean seasonal cycle of heat fluxes

Simulated mean seasonal cycles for surface heat fluxes into the atmosphere and out of
the sea ice are shown in Figures 15 and 16, respectively. The budgets are calculated
according to Equation (2) and (5). During ice growth in winter net longwave radiation
is large causing a net heat flux out of the ice (Fig.16). In spring the shortwave radiation
gets more and more important. Thus, net heat flux is directed into the ice causing ice
melt.

5.4 Time series of heat fluxes

After the presentation of annual mean and seasonal mean heat fluxes in RCO in pre-
vious subsections Figure 17 shows now records of horizontally integrated heat fluxes
into the atmosphere to give an impression of interannual variability of heat fluxes.

The net heat flux amplitude varies by almost a factor of two between different years
(£200 W m™2 to £400 W m—2).

6 Sensitivity and process oriented studies

As outlined in the introduction sensitivity and process oriented studies have been per-
formed and analyzed. Here, a selection of these experiments is presented.
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Figure 15: Mean seasonal cycle of surface fluzes (in W m™2) into the atmosphere from
June until May of the following year. Positive values indicate heat fluxes into the
atmosphere (solid: net heat fluz, dashed: shortwave radiation, dashed-dotted: longwave
radiation, dotted: sensible heat, long-dashed: latent heat).
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Figure 16: The same as Fig.15 but mean fluzes into the ice. Positive values indicate
heat fluzes out of the ice. In addition to Fig.15 the ice-ocean heat fluz (solid, always
negative) and the shortwave radiation penetrating the sea ice (dashed-dotted with 8 dots,
always positive) is shown. Note that the time axis is reduced (start after 100 days).

6.1 Advection scheme

The horizontal and vertical advection scheme in RCO 1.0 is the same as in OCCAM
(Webb et al., 1998). The advection operator can be splitted into a term of central
differences and a velocity dependent biharmonic diffusion term. The diffusion term is
used to correct wave dispersion of the central differences. Dispersion causes narrow
maxima to be reduced in amplitude and to be broken up into shorter wavelength noise.
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Figure 17: Horizontally integrated heat fluzes into the atmosphere (positive) for the
period May 27, 1980 until May 26, 1993. The meanings of the curves are the same as
in Fig.15.

The use of the improved advection scheme leads to a better representation of mesoscale
physics as shown by Webb et al. (1998) but has the disadvantage to introduce numer-
ical diffusion which affects long-term integrations. In the present simulations using
RCO the differences between improved advection and central differences at Gotland
Deep are of the order 0.5 PSU (not shown). Depending on the application one has
to decide whether phase speed of waves or background diffusivity has to be modeled
correctly. Nevertheless, the numerical diffusion is much smaller than physical based
mixing within the halocline, which is probably caused by breaking internal waves and
needs to be parameterized explicitly.

6.2 Open boundary conditions

In Section 3.2 results of isohaline depths at Bornholm deep have been shown with too
low salinity in the bottom layer after about 1000 days of integration. These results
are received using a climatological profile from Anholt East at the northern boundary
in Kattegat calculated from observations of the period 1980-1993. In case of inflow,
temperature and salinity at the boundary is relaxed towards these stationary climato-
logical data. This simplification is not critical for temperature but for salinity. The
open boundary is located in an area of highly variable horizontal salinity gradients in
time, the Kattegat-Skagerrak front (Jakobsen, 1997). To show the sensitivity of the
Baltic Sea interior from open boundary conditions an experiment has been performed
with increased salinity in the upper layer. Instead of the climatological value of 20 PSU
25 PSU has been used in the sensitivity experiment. The results for Bornholm Deep
are shown in Figure 18. Compared to Fig.3b (same colour bars) salinity in the deep
layer is increased. The salt water inflow is now simulated with bottom salinities of
more than 18 PSU which is close to observations. Other inflows during the integra-
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Figure 18: Simulated isohaline depths (in PSU) from May 1980 until June 1993 at
Bornholm Deep with changed boundary conditions in Kattegat. The counting of days
start at January 1, 1980.

tion period are still underestimated but the results are improved. It is not realistic to
have the increased salinity at the northern model boundary prescribed all the time.
However, it is important simulating larger salt water inflows to take the movement of
the Kattegat-Skagerrak front into account. During the inflow event in January 1993
it was estimated that 310 km?® water crossed Darss and Drogden Sill (Matthius et al.,
1993) within 21 days (Meier, 1996). This water originates from Belt Sea and Katte-
gat. According to Stigebrandt (1995) the volume of Kattegat surface water amounts
to 275 km®. Hence, it is concluded that water from outside the model domain must
have passed the Sills in the Danish Straits during the inflow. Time dependent salinity
profiles at the open boundaries or a larger model domain as planned for the next ver-
sion of RCO will improve the long-term behavior of deep water salinity in Bornholm
Basin.

In addition, the coarse horizontal resolution of 6 nautical miles causes problems with
overflows which are typical for level models (Beckmann and Doscher, 1997). Meier et
al. (1999) have shown that the results for RCO will improve at least for the salt water
inflow in 1993 if a horizontal resolution of 2 nautical miles is used.

6.3 No Wind

The distribution of mean sea surface temperatures as shown in Figure 9a is explained
by the North-South gradient of mean air temperatures as well as by the dynamic ef-
fect of the ocean. Switching off the wind forcing completely results in only latitudinal
dependent distribution of SST’s (Fig.19a). The cyclonic cells of vertical integrated vol-
ume transports disappear and maximum transports are now 3 times smaller (Fig.20).
It should be noted that these transports are not identical with the pure thermohaline
driven circulation because the sea level forcing in Kattegat is still active causing volume
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because the initial stratification has not been changed. Although the mean wind speed
in the atmospheric forcing data set might be too high, only with wind effect included
the geoid solution of sea surface heights are reproduced by the model. Without mean
wind speed the observed sea levels are underestimated by a factor of two approximately.
Hence, a mean 3-layer transport structure in the entrance of the Gulf of Finland might
be realistic.

6.4 Increased runoff

The first scenario experiments of the Rossby Centre indicate higher precipitation and
river runoff in the future. The change in average annual runoff between RCAOQ control
and scenario run from HBV-Baltic are 21 % for the Bothnian Bay, 14 % for the Both-
nian Sea, 22 % for the Gulf of Finland, 31 % for the Gulf of Riga, -4 % for the Baltic

proper and 12 % for the total Baltic Sea area (Phil Graham, pers.comm.).

To show the principal effect of increased river runoff without the aim to perform a
realistic scenario for the Baltic Sea river runoff has been increased by 50 % for all
rivers. The sea surface heights increase then by only less than 1cm (not shown). At
Gotland Deep (Fig.21a, b) the salinity in the surface layer decreases whereas the lower
layer salinity does not change. The changes are greatest in the upper part of the
halocline (1 PSU after about 5000 days of integration) and smaller close to the surface
(0.5 PSU). These differences reflect the deepening of the halocline.

Results for Bornholm Deep are shown in Figure 21 (c) and (d). In Bornholm Basin
the situation is reversed compared to Gotland Basin. The salinity of the deep water
decreases by more than 1.5 PSU whereas surface salinity is less affected by the in-
creased river runoff (< 0.5 PSU). Especially, during the inflow event in January 1993
the bottom salinity increase is more than 2 PSU smaller. Increased river runoff affects
the water exchange through the Danish Straits tremendously in blocking the inflow of
high saline water from Kattegat into the Baltic Sea.

6.5 No sea ice

Sea ice in the Baltic is regarded as a key element in the North-European climate system
because it acts as a relatively rigid insulating film between the air and the sea which
modifies air-sea exchange of momentum, heat and matter and influences local meteo-
rological conditions. The importance of the albedo feedback cannot be emphasized too
often. With respect to the ocean sea ice influences the temperature and salinity char-
acteristics of the water masses and the circulation of the Baltic Sea. In the following
it will be discussed how mean sea surface temperature, mean sea surface height and
mean net surface heat flux are affected by sea ice.

Figure 22 shows mean SST (a) and SSH (b) difference between experiments with and
without sea ice for the whole 13-year period (averages include also summer time). In
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Although the effect of ice on mean sst’s is relatively small (compared to the case when
temperatures are limited by freezing point temperature), the effect on mean net surface
heat flux is tremendous (Fig.23a). The difference in mean heat loss for the northern
parts of the Baltic Sea is greater than 90 W m~2 and is of the order of the absolute range
of horizontal net heat flux variations (cf. Fig.13). The heat flux difference pattern is
highly correlated to mean ice concentration (Fig.12).

6.6 No ice dynamics

Within the SWECLIM project a decision had to be made which sea ice model to use.
A SWECLIM workshop on coupled ice-ocean models for the Baltic Sea has been held
in November 1998 (Meier, 1998). The workshop was intended to address the problems
of different approaches. Among others the question has been discussed if it is really
necessary to include ice dynamics into the coupled atmosphere-ice-ocean system to be
developed for multi-year integrations. Problems with the parallelization of the tradi-
tionally used algorithms for dynamical sea ice models with viscous-plastic rheology ac-
cording to Hibler (1979) have been expected. Due to the experience from operationally
running models for ice forecasting advection and dynamics of ice are important in the
Baltic Sea (e.g., Matti Lepparanta, pers.comm.). Hence, it has been decided to use the
ice model with elastic-viscous-plastic rheology from Hunke and Dukowicz (1997). The
constitutive law has been changed adding artificial elastic waves for numerical reasons.
This modification leads to a fully explicit numerical scheme that further improves the
model’s computational efficiency and is a great advantage for implementations on par-
allel machines (Hunke and Zhang, 1999). In Meier et al. (1999) it has been shown that
the elastic-viscous-plastic sea ice model performs well also for Baltic ice conditions.
A process study from the beginning of February 1993 showed that under strong wind
conditions a hole in the ice coverage can open with the size of half of the Bothnian
Bay. This phenomenon can be modeled only with ice dynamics included.

Now the question arises whether ice dynamics affects also 13-year mean ice thicknesses,
ice concentrations and net surface heat fluxes. Hence, a comparison between an exper-
iment with full dynamic-thermodynamic ice model and one without dynamic effects
(e = 0) has been performed. Figure 24 shows the difference for ice thickness and
ice concentration. The mean wind field from south-westerly directions causes higher
ice thicknesses and ice concentrations in the north-eastern parts of the Bothnian Bay
and in coastal areas of the eastern Bothnian Sea and northern Gulf of Finland. Less
ice thicknesses and concentrations are found in the western and southern parts corre-
spondingly. About half of the mean ice thickness at the northern end of the Bothnian
Bay (e.g., at the location Kemi) is explained by the dynamical effect (cf. Fig.12a). Ice
concentration is affected by 17% (cf. Fig.12b). The local minimum in ice thickness
and concentration in the southern Bothnian Bay (north of the Quark) is mainly caused
by ice dynamics. Only a weak minimum occur in the dynamic-free case (not shown).

The sensitivity of ice concentration has an effect on the net heat flux as shown in Figure
23b and on the flux components as shown in Figure 25. With ice dynamics the net heat
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loss in the central and northern Bothnian Bay is reduced by 9 W m~2 but enhanced
in the western Bothnian Bay and north-western Bothnian Sea by 8 W m~2 approxi-
mately. The heat gain in the southern Bothnian Sea is about 5 W m~2 greater with ice
dynamics than without. Similar horizontal difference patterns are found for longwave
radiation, sensible and latent heat (Fig.25b, c, d). Shortwave radiation (Fig.25a) is
very much correlated with mean ice concentration (Fig.24b). Higher ice concentration
causes higher albedo and lower solar insolation into the ice/ocean.

The net heat flux out of the ice (Fig.25¢) in coastal waters of the western Bothnian
Bay and Bothnian Sea is maximum 10 W m~2 higher with ice dynamics than without.
The largest outgoing net ice fluxes in the full ice model are —18 W m~2 (Fig.14e) but
only —12W m~2 in the ice dynamic-free case (not shown). The latter flux pattern is
rather symmetric with respect to eastern and western coastal waters.

As expected the bottom heat flux between ocean and ice is lower in the western and
higher in the eastern parts of the mean ice covered area (Fig.14f).
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7 Summary

Simulations of the hindcast period 1980 until 1993 have been performed using a coarser
grid version of RCO (6 nautical miles). In Meier et al. (1999) the model has been de-
scribed and tested for one particular year, 1992/93. In this report now the integration
period has been extended to more than 13 years (1980-1993). RCO has been developed
within SWECLIM for 10-year timeslice experiments of climate change scenarios. To
get confidence in the model results and to determine uncertainty ranges it has been
decided that the step before the scenario simulations needs to be an intensive model-
data comparison for hindcast experiments. From observed temperature and salinity
profiles initial conditions have been generated. Realistic atmospheric forcing and river
runoff have been used. The results of 13 year long simulations have been compared to
monitoring profile data of the SHARK data base, mean sea surface height, ice extent
and ice thickness data.

The seasonal cycle of the thermocline in different sub-basins is simulated satisfactory.
There is slight underestimation of mixed layer depth only in some years indicating
inaccuracy of the atmospheric forcing data. Artificial trends are not observed.

Time evolution of the halocline in the Baltic proper during the stagnation period
between 1980 and 1992 is simulated realistically. Due to carefully chosen parameter-
izations erosion of the halocline could be avoided. Only a slight drift of sea surface
salinity indicate the need of further improvements with respect to the interaction of
turbulence with stratification for example. The successful simulation of more than 10
years represent a milestone progress because exactly this feature was unclear a year
ago. Within SWECLIM a parallel 3D Baltic Sea model with sea ice included is now
available to perform long-term simulations. To the authors knowledge this model is
unique for the Baltic Sea.

Deep water mixing has been added successfully. However, there is evidence from ob-
servations (seasonal cycle, mixing depends on coastal distance) and from model results
(divergence of isohalines in the upper halocline) that the parameterization of deep wa-
ter mixing needs to be improved.

The problem of coarse resolution level models with overflow is visible in results from
Bornholm Basin. Salt water inflows from Kattegat into the Baltic Sea are underesti-
mated resulting in too strong decrease of bottom layer salinity after about 1000 days
of integration. In addition, larger salt water inflows are affected by shortcomings of
the open boundary conditions in Kattegat of the present RCO version. Due to the
lack of time dependent observations climatological data have been used which are not
suitable to simulate the movement of the Kattegat-Skagerrak front. Hence, water with
too low salinity is transported through the Danish Straits during inflow events. In-
creased horizontal resolution, a bottom boundary layer model as described by Déscher
and Beckmann (1999) and a larger model domain will help to overcome these problems
in the next RCO version already under preparation.
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The agreement between simulated mean sea surface heights and geoid results is very
good. About 50% of the sea level difference between Kattegat and Bothnian Bay is
explained by the mean wind effect. Even more important seems to be mean wind for
sea surface heights in the Gulf of Finland. Mean wind speeds from south-westerly
directions cause a cyclonic horizontal circulation in each sub-basin. It has been shown
that this mean wind-driven circulation affects vertical balances. For example in the
entrance area of the Gulf of Finland a 3-layer transport system is established. Con-
trary, process oriented models developed for Baltic Sea climate research are based on
a 2-layer transport approach. So far, it has been assumed that mean Ekman transport
is unimportant and consequently has been neglected.

The ice model within RCO predicts maximum ice extent and ice thicknesses at Kemi in
the Bothnian Bay quite well. However, during mild winters ice extent is overestimated
and ice thickness underestimated slightly. Contrary, ice thickness is overestimated dur-
ing severe winters. The analysis of Kemi data might be misleading because only one
coastal station cannot determine the model performance of simulated horizontal ice
thickness distributions. Further analysis of ice thickness and ice concentration is still
necessary.

The comparison of simulated mean time evolution of relative ice cover with data from
the Ice Atlas needs to be reviewed carefully as the two periods under investigation
are different. Under the assumption of same statistics (which is not true) mean time
evolution and variability are simulated correctly but ice melt in spring is predicted too
~ early.

Selected mean ice/ocean variables (i.e., SST, SSS, SSH, temperature and salinity cross
sections, volume transport, ice thickness and ice concentration) and mean sea surface
heat fluxes (net and components) are presented and discussed. Net heat fluxes in RCO
1.0 and RCA1 are compared. The overall heat flux patterns are similar but local dif-
ferences occur which might be explained by the two different approaches of used Baltic
Sea models. In RCA1 the heat fluxes for the atmosphere are not consistent with those
for the ocean emphasizing the need to develop a fully coupled atmosphere-ice-ocean
system.

A set of sensitivity and process oriented studies have been performed to increase our
understanding of the processes involved:

e An experiment without wind forcing points out the importance of mean wind
speed for mean sea surface height and mean circulation.

¢ 50 % increased river runoff causes deepening of halocline depth in Gotland Basin
and freshening of surface water salinity by 0.5 PSU. Contrary, in the western
Baltic (e.g., Bornholm Basin) mainly the lower layer salinity is affected. Increased
river runoff causes blocking of inflowing salt water through the Danish Straits.

¢ Without ice net heat loss in seasonal ice covered areas are increased tremendously
showing the important isolating effect of ice.
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¢ Consideration of ice dynamics results in higher/lower ice thickness and ice con-

centration in the eastern/western parts of the Gulf of Bothnia. Correspondingly,
mean heat flux patterns are affected.

In addition to necessary model improvements future activities will concentrate on ex-
ploring uncertainty ranges. Different atmospheric forcing (ECMWF re-analysis data)
and different bulk formulae for heat fluxes will be used in hindcast experiments (1980-
1993). A systematic sensitivity study as performed by Simonsen and Haugan (1996)
for the Arctic Ocean and Nordic Seas is under preparation for the Baltic Sea.
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