STYRELSEN FOR VINTERSJOFARTSFORSKNING
Sjofartsverket Sverige Sjofartsstyrelsen Finland
Forskningsrapport nr 49

Temp. and sal.
for each basin \\
PROBE-BALTIC |~ ] Initial ocean fields

Sea levels

Analyscd weather

PROBE-BALTIC [~ »~ 2] Analysed ocean fields

Vi

Sea levels

Forecasted ocean fields

PROBE-BALTIC

Forecasted weather

REAL-TIME MODELLING AND FORCASTING
OF TEMPERATURES IN THE BALTIC SEA

Anders Omstedt

WINTER NAVIGATION RESEARCH BOARD
Swedish Administration of Shipping and Navigation, Finnish Board of Navigation
Research Report No 49




Front page:

AVHRR image from the NOAA satellite, illustrating the ice extent in March 1987.
Processed by Mats Moberg (SMHI).

SMHI Norrkoping 1990 Printed in Sweden

44"




REAL-TIME MODELLING AND FORCASTING
OF TEMPERATURES IN THE BALTIC SEA

Anders Omstedt




FORORD

Styrelsen for Vintersjdfartsforskning presenterar hirmed rapport nr49 Den behandlar
hur man med hjilp av meteorologisk/oceanografisk data och matematiska modeller
kan berdkna avkylning och isldggning i Ostersjon. ’

Rapporten har utarbetats av Anders Omstedt.

Norrkoping och Helsingfors i september 1990.

_. /
O | Db

2

Kaj Jarén




SMHI 1990-09-13
HOf
A. Omstedt/kuy

REAL-TIME MODELLING AND FORECASTING OF
TEMPERATURES IN THE BALTIC SEA

ABSTRACT

A mathematical model for the Baltic Sea has been introduced in an operational
system for real-time calculations and forecasts of water temperatures. The model
divides the Baltic Sea into 13 sub-basins and treats each sub-basin as a one-dimen-
sional boundary layer with vertical mean velocities based upon in- and outflows
from surrounding basins. The operational scheme uses the model in two modes.
The first one, the real-time mode, fits the model to meteorological and oceano-
graphical data collected in the recent past. The second one, the forecast mode,
starts from the real-time mode, and calculates forecasts on the basis of the

ECMWF weather model and statistics.

The results from about 8 months of pre-operational tests, illustrate that the real-
time mode reproduces observed sea surface temperatures quite satisfactorily. How-
ever, more efforts must be paid to the obtaining of oceanographic data in real-
time. The results from the forecast mode were also satisfactory, but the quality

was, of course, dependent on the meteorological forecasts.

1. INTRODUCTION

Sea ice is present in the Baltic Sea every year, which causes gréat problems for
the shipping. Due to changing weather from one year to another, the date of freez-

ing may vary considerably. For the planning of shipping and icebreaking service it




is therefore of great importance to get reliable information about the water temper-
ature and the ice all around the Swedish coast (Figure 1). The mapping of sea
surface temperatures in the Baltic/Skagerrak system started at the Swedish Mete-
orological and Hydrological Institute (SMHI) on regular basis 1972 (Thompson et
al., 1974). Forecast models for surface water cooling in different sub-basins within

the Baltic Sea were introduced in the beginning of 1980 (Omstedt, 1984).
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Figure 1.

The forecast models treated different sub-basins as horizontally homogeneous water

bodies with variations only in the vertical direction. To extend the forecasting

The Baltic/Skagerrak area with sub-basins according to the model by

Omstedt (1990).




capability to more complicated sea areas, where also advective transports from
surrounding basins are important to consider, Omstedt (1987 a) introduced a model
for the entrance of the Baltic Sea, in which the Kattegat, the Oresund, the Belt
Sea, and the Arkona Basin were treated as four coupled sub-basins. The model
was verified during three periods together with forecast tests (Omstedt, 1987 b).
Later a model for the whole Baltic Sea (PROBE-BALTIC) was presented by Om-

&
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Figure 2. The Baltic Sea represented as 13 sub-basins according to Omstedt
(1990). The flows associated with water level variations and estuarine
circulation are called barotropic and barocline flows respectively.




stedt (1990). In this model, which also includes the previous models, the Baltic
Sea was divided into 13 sub-basins (Figure 2). The model was verified with data
from the severe winter of 1986/87, when ice was observed in all 13 sub-basins. In
general the different model applications have given useful information for the plan-
ning of the icebreaking service. However, due to the limited number of tempera-
ture and salinity data available, necessary for starting up the model, it was con-
cluded that the forecasts needed to be supplemented with updating calculations.
These calculations, based on observed weather, wind and sea level data, should
then produce the necessary starting values for the forecasts. The purpose of the
present work is therefore to present a forecast model for the Baltic Sea, which also

includes updating routines.

In Section 2, the basic model ideas are outlined. Then the model structure is pre-
sented. In Section 4, applications from 1986/87 and 1989/90 are discussed. Finally,

a summary with some conclusions is given in Section 3.

2. MODEL ELEMENTS

The Baltic/Skagerrak system can be regarded as a large estuary, consisting of a
sequence of sub-basins. The modelling approach therefore divides the Baltic Sea
into different water bodies on the basis of geometrical and oceanographic consider-
ations. In each sub-basin the conservation laws for volume, salt, and heat are con-
sidered. As the variations of temperature are often larger in the vertical than in the
horizontal direction, one can concentrate on the vertical exchange processes. For
the volume calculations this means that the horizontal area versus depth needs to
be taken into account. The horizontal areas versus depths for the different sub-

basins are illustrated in Appendix A.

The main driving process for sea surface temperatures is the meteorological forc-
ing. Here one has to consider both wind and weather. For the heat loss or gain to
the water/air interface, the net heat energy balance needs to be considered. In that
balance several different fluxes between water and air are important. They are: the

sensible heat flux, which depends on the temperature difference between air and
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water and the wind velocity; the latent heat flux, which depends on the water va-
pour density close to the sea surface and in the air and the wind velocity; the
short wave radiation, which depends on the amount of clouds, the albedo, the date,
the time, and the latitude. The albedo depends on the state of the sea surface,

particularly whether there is ice or not.

Primarily it is the temperature that is of interest, but a few more variables need to
be mentioned. Salinity is one of these, as it influences several properties of the
water. For example, the density of sea water and the freezing temperature are
functions of salinity. Also the currents need to be considered. Due to winds, strong
vertical current shear is produced in the sea, which generates turbulence (wind
mixing). The turbulence influences the effectiveness with which properties of the
deeper water are mixed up into the surface layers. As the deeper layers often have
other temperatures than the surface water, the wind mixing thus influences the

temperatures.

Advective transports, particularly in the entrance of the Baltic Sea, are also con-
sidered in the model. In general one can distinguish between transports associated
with the water level variations (barotropic flows) and transports associated with the
estuarine circulation (baroclinic flows). For the transport associated with water
level variations, only the sea level difference between the Kattegat and the central

parts of the Baltic Sea is considered.

Two applications of the model are illustrated in Figures 3 and 4.

The first one illustrates measured and calculated data from a sub-basin with weak
interaction with surrounding waters. The advective transports are therefore neg-
lected, and only vertical variations are considered. Wind mixing, net heat loss, and
restratification are here important response characteristics. The second one illus-
trates measured and calculated data from a sub-basin with strong interaction with
surrounding waters. The advective transports and the upstream properties of salinity
and heat are considered as well as vertical variations. The application illustrates
that cooling is associated with outflowing brackish water (upstream properties from

the Arkona Basin), while events with interrupted cooling are associated with peri-




ods of inflowing saline water (upstream properties from the Kattegat). Advection
and upstream properties are thus important response characteristics in this sub-ba-

sin.
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Figure 3. Measured (dashed lines) and calculated (solid lines) profiles from the

Bothnian Bay (Omstedt et al., 1983).
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Figure 4. Measured (solid lines) and calculated (dashed lines) temperature and
salinity data at 5 meters’ depth from the Oresund (Omstedt, 1987 a).

3. MODEL STRUCTURE

The main effort in the model structure was to optimize all available input data
both from the atmosphere and the sea. A real-time scheme was therefore intro-
duced by fitting the ocean model to the data gathered in the recent past. The me-
teorological data were extracted from a mesoscale model used at SMHI (Andersson
et al,, 1985). In this model air temperature, humidity and cloudiness were analysed
from synoptic weather stations using objective statistical methods. The wind field
was calculated using the one-layer primitive equation model described by Danard |
(1977). For the wind stress and heat loss calculations the analysed meteorological
data were extracted from grid points over each sub-basin (see further discussion in

| Appendix B).

The initial conditions for the ocean model require water level data from the Kat-
tegat and from the central parts of the Baltic Sea, together with salinity and tem-

perature profiles from each sub-basin. The water level data are available from




automatic sea level stations, and 24 hours’ mean values from Viken and Stockholm
were calculated and used. The profile data are not observed frequently enough in
space or time to allow automatic inputs. Instead a combination of statistical data
and measurements from ship observations was used together with analysed sea
surface temperature data. The ship observations were partly from the coast guard
and partly from research vessels. These data were then approximated according to

Figure 5 and subjectively introduced in the model.

Tsur Ssur
D1
* D ’3 D
2 1 4
Thot Sbot
7777777777777 777777777777

Figure 5. Specification of temperature and salinity profiles.

The model structure is illustrated in Figure 6. In the real-time mode, the starting
profiles were calculated and updated with observed forcing data (meteorological
and sea level data). In the forecasting mode, meteorological forcing parameters
were taken from the European Center for Medium Weather Forecasts (ECMWF).
Forecasts of the water level variations were not introduced, and advective trans-
ports were neglected in the forecasting mode. In general this is a good approxima-

tion except for the entrance of the Baltic Sea.
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Figure 6. Schematic presentation of the model structure. The calculations of the
initial and analysed ocean fields define the real-time mode, while calcu-
lations of the forecasted ocean fields define the forecasting mode.

4, APPLICATIONS
4.1 Introductions

The model was first verified with data from the severe winter of 1986/87 (Figure
7). The study was based upon historical data and was further discussed by Omstedt
(1990). The time period considered was from 1 November, 1986, to 31 May, 1987.
| The meteorological parameters were extracted every 3rd hour from 8 synoptic
weather stations. The water level data were taken from Kattegat (Viken) and the
central part of the Baltic Sea (Stockholm). Initial temperature and salinity profiles
were based upon existing data from the beginning of November. In the model, sea
ice was only treated in a rough way. Boundary conditions for an open water sur-

face was applied all through the season, and the water temperatures were put equal
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Observed and calculated sea
levels and sea surface tempera-
tures. The observations are noted
with full lines, the calculations
with dashed lines and the freez-
ing temperature with dotted lines
(Omstedt, 1990).
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to the freezing point when they were below freezing. From Figure 7 one can no-
tice that reasonably good results were achieved except during spring, when sea ice

delayed the warming in some sub-basins.

4.2 Real-time model scheme

The real-time model scheme was started in a pre-operational test in late June,
1989. The meteorological parameters were automatically extracted from the meso-
scale model at SMHI. Also sea level data from Kattegat (Viken) and the Baltic
Sea (Stockholm) were extracted in real-time. The initial temperature and salinity
profiles for June, 1989, were based upon existing data and estimates. New data on
temperature and salinity were also added to the model on different occasions dur-
ing the calculation. The quality of the meteorological parameters calculated in the
mesoscale meteorological model is examined in Appendix B. In general there was
a good agreement between calculated and observed temperatures. The wind veloci-

ties were more scattered, as well as the total amount of clouds.

Observed and calculated sea surface temperatures for the different sub-basins are
given in Figure 8. The main deviations between calculated and observed data were
partly due to some errors in the analysed wind field and partly to missing tem-
perature and salinity data. Also problems with the computer (delay in data extrac-
tions) caused some errors in the calculations. The small amount of temperature and
salinity profiles available influenced the results, particularly when estimating the
deep water properties. For example, the temperature drastically decreased in the
Bothnian Bay in late July. The reason was an error in the analysed wind field,
giving very high winds. The wind mixed the whole basin completely, and as the
deep water temperatures were lower, the surface water temperature decreased. After
the summer vacation this error was observed and new data were subjectively intro-
duced in August. However, the deep water temperatures were overestimated and

new data had to be introduced on two other occasions - in the beginning of Sep-

tember and in the beginning of November - when temperature and salinity data
from R/V Argos were available.
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The results illustrate that the real-time calculations can quite satisfactorily repro-
duce observed sea surface temperatures. More efforts must, however, be paid to
the obtaining of oceanographic data in real-time. If profile data once a month for

ﬂ each sub-basin could be collected in real-time, much better results could probably
u be achieved.

4.3 Forecasting

The purpose of the real-time scheme discussed in the previous section was to fit
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the ocean model to data gathered in the recent past and to calculate initial values
for the forecasts. During the winter of 1989/90 several forecasts were made. These
were 10-day forecasts using forcing parameters from ECMWEF and partly longer
forecasts using ECMWF data together with climatology. The 10-day forecasts were
automatically started early in the moming, and the results were available at 8
o’clock each morning. For the longer forecasts, climatologic daté were manually
added before each forecast. In these cases only a single sub-basin was considered

at each time. One example of the forecast output is given in Figure 9.

PROBE BALTIC
FORECASTED FORCING FIELDS

DATE : 900118 KL 24

SUB—BASIN T-SUR T—-BOT D1 D2 5-SUR S—BOT D3
KATTEGAT (KA) 2.87 7.73 10.85 18.59 17.83 33.17 10.85
ORESUND (OR) 3.07 6.08 19.95 22.70 25.74 32.50 19.95
BELTEN (BE) 3.11 7.42 20.56 23.59 20.83 32.80 20.56
ARKONA (AR) 3.04 7.09 29.74 34.32 8.48 15.14 29.74
BORNH—-BAS (BH) 4.94 6.57 47.25 70.43 7.87 16.94 47.25
GOTL-BAS (GO) 4.04 5.93 62.33 72.13 6.98 11.68 62.33
NW-BAS (NW) 2.82 4.92 62.33 72.13 6.55 9.92 62.33
GULF-RIG (GR) 2.02 2.09 18.84 44.18 6.51 6.51 18.84
GULF-FIN (GF) 1.04 5.87 40.71 62.01 6.03 7.47 40.71
ARCH-SEA (AS) 0.90 3.36 44.80 50.85 7.02 7.93 44.80
ALAND-SEA (AL) 1.46 2.97 45,31 62.33 6.40 10.99 45.31
BOTHN.SEA (BS) 1.55 2.97 57.99 78.36 6.01 7.00 57.99
BOTHN.BAY ({BB) -0.20 1.98 47.83 64.91 3.41 4.39 47.83

Figure 9. An output example from a 7 day forecast, where the temperature and
salinity data are specified according to Figure 5.

5. SUMMARY AND RECOMMENDATIONS

A mathematical model for the Baltic Sea has been introduced in an operational
system for real-time calculations and forecasts of water temperatures. The model
divides the Baltic Sea into 13 sub-basins and treats each sub-basin as a hori-
zontally homogeneous water body. The operational scheme uses the model in two
modes. The first one, the real-time mode, fits the model to meteorological and
oceanographical data collected in the recent past. The second one, the forecast
mode, starts from the real-time mode, and calculates forecasts based upon the
ECMWF weather model and statistics.
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The experience from about 8 months of pre-operational tests illustrates that the
real-time mode reproduces observed sea surface temperatures quite satisfactorily.
The results from the forecasts were also satisfactory, but the quality was, of

course, dependent on the meteorological forecasts.

The calculations were made on a VAX 8600 computer, which required about one
minute CPU-time for each simulated day. This means that the total CPU-time for
about 8 months of real-time calculations were 3 hours. The corresponding time for

one person to update the model and check the results was 25 hours.

The calculations were made during pre-operational conditions and should become
better when more ocean data are used. Some recommendations for the future use

of the model would be;:
- The calculations should be controlled some times each week.

- The model should be checked and, if necessary, updated whenever new

temperature and salinity profile data are available.

- More efforts should be paid to the obtaining of salinity and temperature

profile data in real time.
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SUB-BASIN CHARACTERISTICS

Appendix A

The horizontal area versus depth for each sub-basin is illustrated below. The area -

depth distributions are calculated according to the depth data base at SMHI.
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Figure A 1. The horizontal area versus depth for each sub-basin.
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Appendix B

VERIFICATION STUDY
OF THE ANALYSED METEOROLOGICAL PARAMETERS

The heat flux calculations require information about air temperature, wind, total
amount of clouds and relative humidity. The data should represent the weather
situation above each sub-basin. Weather services around the world have long
operational experience in using observed data to draw conclusions about the spatial
distribution of these parameters. The parameters are usually represented in net-
works of grid points and the method to interpolate the data in space and time is
called data assimilation. At SMHI a high resolution meso scale analysis model is
in operational use (Andersson et al., 1986). The model applies data assimilation to
interpolate available meteorological data. The grid is illustrated in Figure B 1.

The quality of the meteorological parameters calculated from this model is ana-
lysed by comparing calculated and observed data from some different synoptic
weather stations. The comparison is presented in Figure B 2, and the positions of
the different weather stations are indicated in Figure B 1. Some statistical informa-
tion is also given in Table B 1.

Table B 1. Statistics based upon 3 hour-values during the period lst September,
1989, to 28th February, 1990.

Station Mean wind ratio Mean temperature
difference
Kullen 0.93 0.33
Sandhammaren 0.88 - 031
Hoburgen 1.11 0.33
Gotska Sandon 0.90 - 0.01
Holick 1.01 0.07
Bjurdklubb 0.80 - 0.04
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Figure B 1. The grid used in the present meso scale weather model.

From the comparison between observed and calculated data one can notice that
the air temperatures are well simulated. The wind velocities are rather scattered

with model calculations slightly lower than observations. This is partly due to the




tions underestimate the cloud amounts.

1990.

fact that the synoptic weather stations are measuring at higher levels compared to
the reference level used in the calculations, which is 10 meters above the sea sur-
face. The mean wind ratio values in Table 1 seem reasonable and could probably
also be used as a good guess how the synoptic winds should be reduced down to

10 meters. The total cloud amounts are more scattered and in general the calcula-
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Figure B 2. Comparison between modelled (Mod) and observed (Obs) meteorologi-
cal data from the time period 1st September, 1989, to 28th February,
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RESEARCH REPORTS
published by the Winter Navigation Research Board.

Havsiskonferens - Stockholm 3 - 4 oktober 1972.
Vintersjofart i Bottenhavet - erfarenheter av SCAs distributionssystem.

Isskador pa fartyg i Ostersjon, Bottenhavet och Bottenviken, statistisk analys
av skadefrekvenser.

Propellerproblem - propellerverkningsgradens beroende av bladutfominingen.
Fartygs framdrivningsmotstind i is.

Vintersjofart med stora fartyg i Bottenviken.

Vintersjofart i Bottenviken - symposium Luled. 1974-04-18/19.
Havsisundersokning i Bottenviken vintern 1974.

Kartering av ytvattentemperaturen i vattnen runt Sverige. _
Experiments on remote sensing of sea ice microwave radiometer.
Bottenvikens stélfyrai - hallfasthetsanalys och forbattringsforslag.
Formation and structure of ice ridges in the Baltic.

Calculation of ice drift in the Bothnian Bay and Quark.

A narrow beam sonar to measure the submarine profile of an ice ridge.

The average surface temperature in the autumn and the early winter on the
Gulf of Bothnia, the northern Baltic Sea and the Gulf of Finland (1966 -
1974).

SEA ICE-75. Programme.

SEA ICE-75. Ground truth report.

SEA ICE-75. Ice detection by SLAR.
SEA ICE-75. FLAR, ODAR, ship’s radar.
SEA ICE-75. IR-scanner results.

SEA ICE-75. Radar altimeter results.
SEA ICE-75. Dynamical report.

SEA ICE.75. Summary report.

The shape and size of ice ridges in the Baltic according to measurements and
calculation.

A numerical model for forecasting the ice motion in the Bay and Sea of
Bothnia.

Creep of fresh water ice at high homologous temperatures.
Economics of winter navigation in the northern part of the Gulf of Bothnia.

Measurement and analysis of ice-induced stresses in the shell of an ice-
breaker.
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26
27
28

29
30
31
32
33
34
35
36
37

38
40

41
42

43

45
46
47

48
49

Measurements of physical characteristics of ridges on April 14 and 15, 1977.
Ice accretion on ships with special emphasis on Baltic conditions.

Presentation of sea ice ridges in general and physical characteristics of Baltic
ridges for ship resistance calculations.

On conditions for the rise of self-excited ice-induced autonomous oscillations
in slender marine pile structures.

Some results from a joint Swedish-Finnish Sea Ice Experiments. March 1977.

On plastic design of an ice-strengthened frame.

Long term measurements of ice pressure and ice-induced stresses on the
icebreaker Sisu in winter 1978.

On the drift and deformation of sea ice fields in the Bothnian Bay.

A sensitivity analysis of steady, free-floating ice.

A study of the large scale cooling in the Bay of Bothnia.

Statistical features of sea ice ridging in the Gulf of Bothnia.
Performance of marine propellers in ice-clogged channels.

BASIS. A data bank for Baltic sea ice ridging in the Gulf of Bothnia.
Vertical mixing and restratification in the Bay of Bothnia during cooling.
Formation, thickness and stability of fast ice along the Finnish coast.

Dynamic loads and response of icebreaker Sisu during continuous ice-
breaking. -

Undersokning av skrovformens inverkan pd propellemns isbelastning samt
renhetsgrad genom modellforsok i is.

The atmospheric boundary layer over the Bothnian Bay; a review of work on
momentum transfer and wind structure.

An investigation of the crystal structure of sea ice in the Bothnian Bay.

Long-term measurements of ice-induced loads on the propulsion machinery of
product tanker Sotka.

Results and statistical analysis of ice load measurements on board icebreaker
Sisu in winters 1979 to 1985.

Isforhdllandena i Sveriges sodra och vistra farvatten.
BEPERS Pilot Study. Data report.
BEPERS-88. Experiment plan.

‘Results of long-term ice load measurements on board chemical tanker Kemira

in the Baltic Sea during the winters 1985 to 1988.
Sea ice properties studied from the icebreaker Tor during BEPERS-88.

Real-time modelling and forecasting of temperatures in the Baltic Sea.




