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PREFACE

This document, published by the Helsinki Commission for the
benefit of those interested in the marine environment of the
Baltic Sea, presents extensive information on the hydrological
background against which the ecological conditions of the
different sub-basins should pe seen. The report presents the
average conditions of freshwater exchange, the time scales
involved and the considerable fluctuaticns from month to month
and from year to year. It constitutes the internatiocnal summary
bringing together the main results of fifteen years of Joint work
of a group of hydrological scientists from all the seven riparian
countries,

‘The research has been carried out in the form of a regional
proiect, WATER BALANCE OF THE BALTIC SBA, organized within Unesco's
International Hydrclogical Decade (until 1974) and Internaticnal
Hydrological Programme {from 1975 onwards). The leadership has

been provided by an international Group of Experts, convening
intermittently during the project period. The final compilation

of the balance is the work of experts in Poland and Sweden, who
carried the burden of conceptual and coordinating work. The
participating national committees distributed the work between
themselves, so that the responsibility for each of the hydrolo-
gical elements was delegated to one of the countries. The full
reports on the individual sub-projects/elements have been published
by the respective national commpittee or by the institution to

which the committee transferred the scientific task.

In order to produce an international summary for the benefit of
those involved in the ongoing work of the Helsinki Commission,

the element coordinators were invited by the Group of Experts

to submit texts te the individual chapters. The project coordinator
invited Professor M. Palkenmark, Executive Secretary of the

Swedish IHP Committee, to take on the task to edit the text to

a balanced product. The publishing was made possible by financial
support from the German IHP/OHP Natiocnal Committee and the Swedish
Committee for Hydrology. The drawings were prepared at the Finnish
Institute of Marine Research.

The completed work constitutes an example of international co-
operation among countries, characterized by different econcmic
relations and different socio-political systems.
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Chapter 1

HISTORY OF THE PROJECT
Zdzislaw Mikulski (Poland)

1.1 EARLY WATER BALANCE STUDIES

Studies on the water balance of the Baltic Sea have a long-term
tradition, dating back to the turn of 19%th and 20th centuries.
Studies were obviocusly favoured by the establishment in 1902 of
the Commission for Studies of Northern Seas (later on transformed
into the International Council for the Exploration of the Sea,
which 1s still active}. The first calculation of water balance
elements of the Baltic was made by Krimmel who presented the
results in 1903 at Institut fiir Meereskunde at the University
of Berlin (Krimmel 1904). The calculaticons allowed to draft,
for the first time, & complete water balance of the Baltic Sea.
Later attempts at calculating were done by Spethmann (1912)

and Witting (1918). Great contribution to the work on the water
balance of the Baltic was made by Runde, co-founder of the
Russian Hydrological Institute (later State Hydrological
Institute in Leningrad)., an outstanding Polish hydrologist and
chief of Polish hydrological service in the period 1937-39. At
the annual meeting of the Russian hydrological Institute in
1922, he indicated the necessity to undertake studies on the
water balance of the Baltic (Rundo 1922).

Crganized studies on the balance were undertaken during the 1930's
whithin the framework of Hydrological Conferences of the Baltic
Countries. At the Third Conference in 1930 in Warsaw, Rundo
presented his significant appeal to undertake studies on river
inflow to the Baltic and other elementg of the water balance
(Rundo 1930} . At the Fourth Conference in Leningrad in 1933,
Sokolowsky presented a paper on the balance of the Baltic in
which he gave the first water balance equation (Sokolovsky 1933).
FFollowing conferences patronized the studies so that after a few
years, a lot of valuable material had been gathered. A turning-
point was Brogmus work, published in 1952, which revised the
water balance of the Baltic and which for the first time took
inte account also the gshare of ocean waters in the water balance
{Brogmus 1952). Two years later, Wyrtki conducted detailed
analysis of the seasonal changes of the water balance components
as well as of the long-term variations (Wyrtki 1954).

In 1956 the Conferences of Baltic Oceanographers were started
with the purpose to inspire joint coordinated research. Ten years
later, at the Fifth Conference in 1966 in Leningrad, the Polish
side presented a paper on variability of river inflow to the sea,
and proposed to resume the water balance studies. The proposal
was accepted and at the Sixth Conference in 1968 in Sopot,
results of calculation of river inflow te the Baltic in the
period 1951-1960 were presented (Mikulski 1970).




1.2 INTERNATIONAL HYDROLOGICAL DECADE

In the autum of that year in Warsaw, the First meeting of
representatives of National Committees on the International
Hydrelogical Decade (IHD) of the European Socialist Countries
acgepted Poland's proposal to undertake a project on "Water
Balance of the Baltic Sea". The first alarming signs of
pollution of the sea had just appeared, calling for a more
intense study o0 the ecological situation.

%imu}taneously, the issue was approached by the IHD National
Committees of the Nordic Countries, which created a special

working group for that purpose. In 1970 at the seventh Conference

of Baltic Oceanographers in Helsinki, the group held its first
meeting, Mikulski and Majewski (1970} presented'a concept of
Fhelprogramme, and a new form 0f the balance equation, separating
horizontal and vertical water exchange. Soon, the Polish National
IHD~Committee approached all the Baltic countries with a concrete

groposal to undertake the project "Water Balance of the Baltic
ea".

A first meeting of experts, from all the Baltic countries, on
the Water Balance of the Baltic Sea was held in Gdynia 21-~24
September 197%. The meeting was chaired by the Polish initiator,
Professor Zdzislaw Mikulski, who was charged with the function

of coordinator of the project. The chairman stressed in his
foreword that

"a full presentaticon of the water balance is far, but very
often we observe dangerous changes in the marine environment
Qf the Baltic. More and more often situations requiring an
intervention occur, and this will be possible and effective
only when the water balance is known. Thus, it depends on

us if we are able to provide, in time, sufficient data for
rational management and protection of the marine environment
of the Baltic. The purpose of ocur meeting is to define the
problem, its volume, pogsibilities and time of its
preparation. The presented programme is of preliminary
character and will be, as it is expected, amended,

gorrected and meodified with time. But this is not the most
important thing. The important thing is to discuss it
thoroughly, with the importance of the problem in mind,

and to distribute the tasks and set the obligatory time-
table of works. Personally, I am convinced that despite

many obvious difficulties we shall manage to close our

first meeting, having undertaken concrete decisions and
obligations."”

During the meeting, a general programme to study the balance was
approved, initial distribution of tasks among the participating
countries was made, and resolutions taken, setting the first
tasks to be completed, e.g. the need to define the sea area

and volume (updating of barometric maps), the necessity to
undertake studies on water exchange with the North Sea, and a
poermanent exchange of information and publications.

1.3 SHAPING THE PROJECT

At the second meeting of experts {(Copenhagen, 5th~7th October,
1972) immediately following the Eight Conference of Baltic
Oceanographers, the programme of the whole project was made as
follows:

* Poland - water inflow from the catchment area and participation
in estimation of inflow of suspended matter

* Sweden - morphometry of the sea, precipitation, and
participation in estimation of inflow of suspended matter
{(together with Poland)

# PFRG - evaporation

* USSR - changes of sea-level and volume

* pPenmark - exchange of water and solid matter with the North
Sea

*  PFinland - inflow of dissolved matter.

CDR restricted its participation to supplying indispensable
material (later on it joined the statistical analysis of river
inflow). At the same time, the project coordinator {(Prof.

7. Mikulski) was granted authorization to present the general
programme of studies on the water balance of the Baltic Sea at
the UNESCO/WMO international conference on "Hydrological
problems in Europe" (Bern, 22nd-27th August, 1973}).

Tt is worth reminding that soon afterwards, two significant
Raltic conventions were signed. In September 1973, on Poland's
initiative, a diplomatic meeting on the Baltic was held in

Gdansk (4th-13th September 1973) and as a result the Convention
on Living Resources in the Baltic Sea and the Belts was signed,
in short called the Gdansk Convention. To realize the aims of the

convention, the Tnternational Baltic Sea Fishering Commission was seét

up, seated in Warsaw. Another step On the way to protect the Baltic

environment was - in result of Finland's proposal - the
Convention of the Marine Environment of the Baltic Sea, in
short called the Helsinki Convention, which was the result of
another diplomatic conference of Fhe Baltic countries in
Helsinki (18th-22nd March, 1974}). Similarly to the previous
case, the Baltic Marine Fnvironment Protection Commission

was set up, with the seat in Helsinki, in short called the
Helsinki Commission. Both Conventions constitute an important
step in the cooperation of the Baltic countries, on a correct
management and protection of the Baltic and its marine ‘
environment; they constitute a formal basis also for scientific
research.

In 1974 a state of the art report, elaborated by experts from
sweden and Poland, was published (Falkenmark and Mikulski 1974)
which contained also outline of the project. The report was
received with great interest. It was marked as "Project
Document No 1" with an intention to publish a series of reports
concerning various fields of studies resulting from the
cooperation. Unfortunately, so far no more publications have
appeared in that series.




.4 METHODOLOGILICAYL STUDIES DURING PILOT STUDY YEAR

The third meeting of experts in Kiel, 22nd-24th aApril, 1974,
was held just after the Ninth Conference of Baltic Oceanographers.
The main point, besides permanent evaluation of the current
state of work on the individual elements of the balance, was a
project proposal on a new wmorphometric basis of the Baltic and
its division into basic subregions, presented by a Swedish
expert (Dr. Ulf Ehlin), and just approved by the preceding
Conference of Baltic Oceancographers. Dr. Ehlin also proposed a
project of methodological studies, "Pilot Study Year" (PSY),
to be started in 1975. The basic aims of this project were
approved to be:

~ to explore the feasibility anc to study the best methods of
determining the different elements of the water and material
balances on a current basis, and based on data which can be
delivered by the different countrics,

~ to develop the best form of data exchange between the
participating countries for the elaboration of the current
water and material balances,

- to perform necessary methodological studies for certain
elements, thereby facilitating the elaboration of the historical
balance to be based on observaticnal data already existing in
the different countries.

The aims should be attained by determining all the individual
water balance components independentiy, so that closing errors
in the calculations could be estimated. The programme should be
preceded by preliminary studies concerning methodology in order
to select the network of stations and the frequency of
measurements to be applied etc.¥)

The PSY was carried out simultanecusly with the large measurement
action "Belt Project" (April 1974 -~ April 1978), undertaken by
Denmark in order to evaluate the state of the marine environment
of the Danish coastal waters. A cooperation of the two actions
was considered to bring benefits to both projects.

In September 1974, at the UNESCO/WMO International Hydrological
Conference in Paris, achievements of the International
Hydrological Decade were summed up, and its follow-up, the
International Hydrological Programme, was enforced. The
international preoject "Water Balance of the Baltic Sea" was
presented, and considered to be a good example of regional
hydrological cooperation of countries with different socio-
political systems.

The issues connected with starting the Pilot Study Year from
T July, 1975 were specifically approached at the fourth meeting

*} Pilot study Year on the Water and Material Balance of the
Baltic Sea. Programme proposed by the Swedish delegation.
Kiel, April 22-24, 1974.

of experts held at Hdsselby, Stockholm, T1th-14th February,
1975. The PSY concept was presented alsc at the Third Soviet-
Swedish Symposium on control of Baltic pollution (Rosendn, near
Stockholm, 15th-21st September 1975) (Mikulski 1977).

Coordination of the PSY-action was taken over by Sweden, and
individual countries undertook the task to supply the necessary
data on a monthly basis. During operation of the PSY, a decision
was taken to prolong the action until the end of 1876. Soon
after its completion, a meeting of an ad hoc group of experts
(Ad hoc Pilot Study Group of Experts) was held in Sweden
(Norrk&ping, 15-17 February, 1977) at which the course of the
whole action and the value of the obtained data were evaluated.

At the fifth meeting of experts (Rostock 23rd-27th May, 1977},
results of the PSY were presented. The meeting recommended
analysis of the results and to supply them to all the
participating countries. Also, the state of elaboration of the
historical balance 1951-70 was discussed, and further

recommendations to speed up the calculations were accepted.

Meanwhile the project "Water Balance of the Baltic Sea" became
widely known, due to information on it presented at various
internaticonal conferences. At the Seminar on the Water Ralance
of Burope (Varna, 27th September - 2nd October, 1976}, the
coordinator presented a paper titled "Water Balance of the
Baltic Sea in the light of other European semi-enclosed seas".
Similarly, at the Second UNESCO/WMO Conference on Hydrological
problems in Europe (Brussels, 19th-23rd September, 1977), a
report was presented to the group on regional hydrological
activity. The proiject has been discussed many times at meetings
of the THD/IEP National Committees both of the Nordic countries
and of the European socialist countries. At a meeting of the

ad hoc working group (Warsaw, 26th-28th November, 1978},
results obtained concerning individual elements were discussed,
and conclusions necessary for the elaboration of the historical
water balance were drawn. At the sixth meeting of experts
(Hanasaari, near Helsinki, 30th January-2nd February, 1979),
the following issues were discussed: evaluation of the PSY,
state of elaboration of the historical balance, plan of a
monography on the water balance of the Baitic. Fast German
specialists, jointly with the coordinator, presented statistical
analysis of the river inflow th the sea, seen in a long-term
time prespective.

1.5 FINAL PHASE

The international project "Water Balance of the Baltic Sea” now
entered its f£inal phase. A third meeting of the ad hoc working
group ({Copenhagen, 18th-20th February, 1980) was devoted to
further analysis of the PSY results, to possibilities to draft
the historical balance and to the draft on the intended
monography. A seventh (last) meeting of experts was held
(Leningrad, 17th-19th April, 1980), immediately following the




Twelfth Conference of Baltic Oceanographers in Leningrad. At the
Conference, the coordinator presented a general paper on the
state 0f works on the balance {(Mikulski 1984a). The Conference
approved the results of the 10~year work, and recommended to
continue studies on the water balance of the Baltic Sea. The
subject of the meeting was an evaluation of the complete
performance of the tasks covered by the programme, as well as
the state of preparations for publication of the monography.
The resolutions of the Conference of Baltic Oceanographers were
approved., Specially, it was considered rpurposeful to present
the results of the studies to the Helsinki Commission.

At the beginning of the 1980s, the work intensity on compilation
of the project results clearly dopped down. The experts were
busy with preparation of the different chapters of the monography,
and the elaboration of so-called national reports containing the
detailed reports on the studies on the individual elements of
the kalance, for which individual countries were responsible.

At the Fourteenth Conference of Baltic Oceanocographers (Gdynia,
28th September~2Znd Cctober, 1984), the coordinator reported

on the final results of the studies (Mikulski 1984b). Due to
difficulties met in publishing the monography, it was decided -
after consultations - to publish a joint internaticnal summary
report of smaller volume. After the consent of the Helsinki
Commission, this summary was Lo be included in the series
published by the Commisson.

Chapter 2.

THE BALTIC AS A SYSTEM
Zdzislaw Mikulski (Poland)

The Baltic is an inland, shelf sea. Despite of its relatively
small area 415,266 kmz},its meridional stretch is over 1,500 km
and its latitudinal about 650 km. Length of the coast line
{(curcumference of the sea) is over 15,000 km. Connection with
the North Sea through the narrow and relatively shallow Danish
Straits makes it possible to treat the Baltic as part of the
Atlantic Ocean. Thus, it is a typical, so-called semi-enclosed
sea with limited contact with an oc¢ean (the North Sea) bhut
under the clear impact of that ocean.

The Baltic Sea is a hydrological object of very differentiated

‘character; specific land configuration results in the

occurrence of separate water regions and bays, cutting deeply
into the land. There are great differences in the supply of
river water. Also the exposure to influence from the open sea
varies considerably from the outer to the inner end of the
Baltic. Therefore, it cannot be treated as one water reservolir
- rather, each of its water regions is to be seen as almost

a separate hydrological object. Thus, in the system approach,
the Baltic Sea can be congidered as a cascade of connected sub-
systems whose water relations are formed under strong influence
of the whole drainage basin and, through the North Sea, also
under the influence of the Atlantic Ocean.

2.7 REGIONAL DIVISION OF THE BALTIC

2.17.1 Western boundary of the Baltic Sea

As already mentioned, the Baltic Sea is made vup 0of a number of
distinctly marked sub-basins with rich sculptured coast and
bottom. In many earlier studies, it has been divided into
characteristic regions - different depending on the research
needs. Thus e.g. Dietrich's divigion made on a "hydrographic
bagig" {(Dietrich 1950) became gquite common. Without analysing
this division of the sea or later divisions in detail, we shall
here discuss the division into characteristic regions done in
the course ¢f the present project. The division was done in the
Swedish Meteorclogical and Hydrological Institute, and discussed
at the Ninth Conference of Baltic Oceanographers in 1974 (Ehlin
et. al 1974); it was finally approved at fourth meeting of
experts on the Water Balance of the Baltic Sea in 1975.

First of all, a decision was taken to define the western
boundary of the Baltic. After a wide discussion, and taking into




consideration views existing among Baltic oceanographers, it

wags decided to set the sea's boundary as running from the line
separaling Kattegat from Skagerrak, i.e. the line connecting

the northern tip of the Jutland peninsula {promontory of the
Skagens Rev Cape, Grenen) with the lighthouse on the Pater

Noster Skerries (Hammeskdran on the foreland of the Tijtrn island,
north of Géteboryg, Sweden). The separation intoe sub-basing was
hased on their hvdrological by distinct character which, in furn,
raesults mainly from morphology of the bottom and coast.

Z2.17.2 Seven main sea regions

For detailed calculation, 19 smaller regions were separated
which were then grouped into 7 main sub-basins, accepted as a
basis for calculation of the water halance. As an adaption

to computers, boundaries between sub-basins assumed the form of
zigzag lines, marked as straight lines on the map. End points of
boundary lines and their bends were defined by geographic
coordinates. The regional division of the Baltic Sea gained
general approval among the Baltic cceancgraphers, and was later
approved as a basis of research works conducted within the
framework of the Baltic Marine Environment Protection Commission
~ the Helsinki Commission.

The Culf of Bothnia was divided into the Bothnian Bay and the
Bothnian Sea, divided by the archipelago of the Kvarken islands.
The archipelago of the Aland Islands is incliuded in the Rothnian
Sea. The Gulf of ¥Finland is a separate sub-basin similarly to the
Gulf of Riga, which is separated from the open sea by the islands
of Saarenmaa and Muhu. The main region of The Baltic Sea is the Baliid
Froper; the name has been commonly accepted in scilentific
literature, including the publications of the Helsinki Commission.
The sub-basin formed by the Danish Straits includes three
different straits: Oresund, Great Baslt and Little Baelt; the
latter forming the Baelt Sea. The seventh region is Kattegat,
whose boundary with Skagerrak constitutes the accepted boundary

of the Baltic Sea. Boundaries of the regions are ocutlined in

Fig. 2.1,

Sub-basin 1. The Bothnian Bay

(36,260 km?), northernmost part of the sea, relatively shallow
{max. depth 146 m); southern boundary is formed by the
archipelagoes of the islands of Vallgrund, Angersdn and Holmdn,
divided by two straits Bastern Kvarken and Western Kvarken;

the border line runs from the Finnish town of Vaasa to the
Swedilsh town of Umcé.

Sub-basin 2. The Bothnian Sea

(79,257 kn*), much deeper (max. depth 294 m); its boundary
with the middle part of the Baltic is constituted by the
soubhern tip of the Aland Islands archipelago so that the
Aland Sea forms part of this region.

Sub-basin 3. The Guilf of Finland

(29,498 km?) easternmost part of the sea, shallow {(max. depth
123 m); its western boundary has been defined to run from the
Hanko peninsula to the north-western tip of the Estonian coast,
almost perpendicularly to the longitudinal axis of the gulf.

Sub-basin 4. The Gulf of Riga

(17,913 km¢), a water region protected from the central part of
the Baltic by the islands Hiumaa, Muhu and Saaremaa; the border
closing the gulf rung frow the Estonian coast to the Muhu
island, then to Saaremaa and then to the southern tip of the
island (S&rve peninsula) to the Latvian coast (Kolka cape).

Sub-basin 5. The Baltic Proper

{209,930 km4), main part of the sea covering the so-called
central Baltic and southern Baltic, limited in the west by the
Danish Straits; in its northern part there is the Gotland basin
with the Landsort Depth (max. depth 459 m), deepest in the
Baltic, and the Gotland depth (max. depth 249 m}); its southern
part includes the Gulf of Gdarisk with the Gdafsk Depth (max.
depth 113 m), and the western part the Bornholm Basin with the
Bornholm Depth (max. depth 105 m).

Sub-basin 6. The Danish Straits

{20,127 km?} together with Kattegat constitute the so-called
transiticonal region of the Baltic: the only way of water
exchange with the North Sea and the Atlantic Ocean; the following
straits are included: Oresund between the Scandinavian
Peninsula and the Zeeland Island , the Great Baelt between the
islands of Zeeland and Fyn, and the Little Baelt between Fyn and
the Jutland Peninsula. The Danish Straits are separated from
the Baltic Proper by a line running from the Swedish Falsterbo
cape to the Danish Stevns Klitt cape (on Zeeland), and from

the CGedser cape (Denmark) to the Darsser Ort cape {GDR),
including also the whole Mecklenburg (Libeck) Bay at the coast
of GDR/FRG in the area of the Danish Straits.

Sub-basin 7. Kattegat

(22,287 km?) is one of the strait-seas (together with
Skagerrak), separating the Baltic from the North Sea - a furthexr
part of the transitional region in which the basic water
exchange of the Baltic and the North Sea takes place. Kattegat
is separated from the Danish Straits by a line running at the
northern edge of the Oresund strait from the Swedish Kullen
cape to the city of Gilleleje on Zeeland, and then from the
Gniben cape on Zeeland to the Ebeltoft promontory on the
Diursland cape on the Jutland Peninsula. The northern border

of Kattegat, and thus the Baltic's border at the same time.
runs - as mentioned above -~ along the line from the Skagens Rev
cape (Grene) on the northern tip of the Jutland Peninsula to
the lighthouse on the Pater Noster skerries situated in the
foreland of the Tidrn island, north of G&teborg (Sweden).

i
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2.1 Drainage basin (a), subregions depth characteristics {b) of
the Baltic Sea and its transition areas.
Representative rivers indicated by names.
Dashed lines show boundaries between Baltilc Sea subregions.
Thick lines show boundaries between corresponding drainage
bhasing. '
1. Bothnian Bay 2. Bothnian Sea 3. Gulf of Finland 4. Gulf of
Riga 5. Baltic Proper 6. Danish Straits 7. Kattegat

2.1
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2.1 b)

Drainage basin (a), subregions depth characteristics (b) of
the Baltic Sea and its transition areas.

Representative rivers indicated by names. ‘
Dashed lines show boundaries between Baltic Sea subregions.
Thick lines show boundaries between corresponding drainage
basins.

1. Bothnian Bay 2. Bothnian Sea 3. Gulf of Finland 4. Gulf of
Riga 5. Baltic Proper 6. Danish Straits 7. Kattegat




2.1.3 Sea areas and volumes

These Baltic sub-basins constitute the basis for the water
balance calculations. Due to existing earlier divergenceg in
estimation of area and volume of the whole sea and its regions,
attention was called already at the 1971 meeting of experts to
the necessity to correct the values of area and volume of the
sea sub-basing. The task was undertaken by Swedish specialists.
Pull cartographic material was gathered and controlled by random
depth measurements; in some places differences were as much as
100 m. Due to the large amount of data, computers were used for
the calculations. The area of the sea was covered with a net of
1" width and 2' length, thus creating 135,000 basic fields.
So-called aggregate fields were made covering 25 basic fields
each. In each of the basic fields, middle depths were marked,
based on marine maps wherever possible; thus each aggregate
field contained 25 middle depths. A data bank was created
including also data from available maps. The middle depth in a
basic field is the depth cleosest to the middle of the field.

In case there was no information on the depth, the computer
calculated it, based on data from other fields in the aggregate
field.

The accuracy of the method was tested by comparing with detailed
source maps; no systematic errors were noticed and distribution
of accidental errors was considered moderate. The accuracy of
calculated areas and volumes was determined with reference to

the Gulif of Bothnia. It was found that the average relative

error was 10 - in an area of over 5,000 km*, in smaller areas,
the error arew significantly. Comparisons were also made in
various areas, for which Swedish source maps were avalilable,
constituting background for marine maps. The comparisons between
these two kind of naps showed that marine maps usually give

lower values of area and volume than source maps. With depths
less than about 100 m, average depths in the source maps appeared
to be larger than in the marine maps, whereas in deeper regions
the depths from the marine maps are larger.

This seems to be the result of a conscious selection in the
editing of the marine maps of smaller depths in shallower areas
with regard to the shipping interests and a selection of larger
depths in deeper walter perhaps as an estimate of moving depth etc.

Results of calculation of characteristic values of regions of
the Valtic are presented in Main Table 1.

2.7 DRAINAGE BASIN CF THE BALTIC AND ITS SUB-BASINS

2.2.1 Geographical Extension

The drainage basin of the Baltic Sea ia 1,721,200 km2,

corresponding to about 17 % of the Buropean continent. Location
of the drainage basin is limited by the following geographical
coordinates:
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~ southern limit 49°00' northern latitude (the Opolonek peak
in Bieszczady in the Bastern Carpathians, watershed of the
San drainage-basin in the upstream part of Vistula river-
pasin, on the southern border of Pocland and the USSR);

- northern limit 69°20' northern latitude (the Haltiantunturi
peak in the northern part of the Scandinavian Mountains, in
the Muonio drainage-—basin in the Torne river basin, on the
border of Noxrway and Finland) ;

- western limit 9°10' eastern longitude ({(central part of the
Jutland Peninsula in the Vejle drainage-basin);

- eastern limit 38°00' eastern longitude (eastern edge of the
South Karelian middle taiga hill- and ridge plain. %)
vVodla drainage-pasin in the catchment area of Lake Onega in
the Neva river basin).

The determined geographical coordinates allow to define the
linear extensjion: north - south 2,260 km, and east - west
{along the{SSO parallel) 1,700 km. The geometric centre of the
drainade area is situated in the north-eastern part of the
Baltic Proper, close to the Estonian island of Hiuma. The
catchment area of the Baltic separates the so-called European
watershed from the catchment areas of the Black Sea and the
Adriatic Sea, both belonging to the catchment area of the
Mediterranean Sea.

2.2.2 Subcatchments of the seven regions

The division of the Baltic Sea into characteristic sub-basins
makes it necessary to divide also its catchment area into
catchment areas of the sub-basing (second order catchment
areas) .

1. Catchment area of Bothnian Bay

(269,950 km<) covers drainage areas of very effective rivers
of the northern part of the Scandinavian Peninsula, and
somewhat less effective small rivers of the Coastal Eastern
Finland and the Maanselkid Upland. The runoff of the Swedish
rivers is as high as 20 1/s km“, whereas the Finnish rivers
carry about 10 1l/s km? , Generally the outflow is damped as a
result from substantial lake feed; this concerns in particular
the rivers of the Scandinavian Mountains and the Norrland
Plateau, where numerous and large mountain lakes act as
storage reservoirs.

# )

In this paper geographic names in the English language are
used that are found in the publication Internatioconal Federation
for Documentation {(FID) (Regionalization of Europe, 1971).
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2. Catchmeni, area of Bothnian Sea

(229,700 km™), where the main role is played by rivers of the
central part of the Scandinavian Peninsula, passing through the
lakes in the Scandinavian Mountaiﬁs and the Norrland Plateaux,

with a runoff well over 10 1/s km™. Of less importance are small
rivers of the Coastal Lowlands passing through the Eastern Finnish
Lake District; the main tributary here is the Kokemdenjoki bringing
the waters of numerous lakes around the city of Tampere. The runoff
of this part of the catchment area is only 8 1/s km

3. Catchment area of the Gulf of Finland

(479,200 km<) has a much larger area than sub-basins 1 and 2 and
L

L

herefore a considerable influence on the gulf. The flow from

he Ccastal Southern Finland and the Lake Plain of Central
Finland passes a large group of lakes and delivers a runoff of
about 8 1/s km4. The main river is the Neva, which has

the largest drainage area in the whole Baltic catchment area
producing a runoff of almost 9 1/s xm?. The flow regime i1s in
fluenced by the enormous lakes of Onega and Ladoga -~ its drainage
basin, mostly located con the South Karelian Middle Taiga #ill-
and kidge Plain and in the northern part of the Prebaltic
Moraine-Hill and lL.ake Plain constitutes 73 % of the gulf's
catchment area, and contributes 76 % of the entire river inflow.
Finally, the southern part of the catchment area is represented
by the Narva, whose whole drainage-basin lies in the Prebaltic
Moraine-Hill and Lake Plain, bringing a runoff below 7 1l/s km? .
The wheole catchment area is characterized by an even outlow.

4. Catchment area of the Gulf of Riga

{127,400 km<) is mainliy the Dvina drainage basin, covering 2/3
of the catchment area and lying almost totally in the Prebaltic
Moraine~Hill and Lake Plain. Runoff is relatively high (7.5

L/s km?) and quite even.

5, Catchment area of the Baltic Properx

(568,973 km%; if catchment area of the Gulf of Riga is included
696,373 km?) covers on the Swedish side drainage~basins of

small rivers of the Middle Swedish Lake lLowland with runoff about
6-~7 1l/s km?. The eastern part is covered by the catchment area

of the Gulf of Riga, and the direct part includes mainly the
drainage~basin of the Neman river, constjituting 70 % of the

area, with quite high runoff (6.6 1/s km®), draining north-western
part of the North Byelorussian Plains and western limit of
Prebaltic Moraine-Hill and Lake Plain. The southern vart c¢f the

catchment area is covered by the whole drainadge basing of Vistula and.

Qder rivers, bringing water from the northern slopes of Western
Carpathians and Outer Yorelands, Sudeten Mountains and the
sub-Sudeten Highland, Little Polish Uplands, Middle Polish
Lowlands and finally the eastern part of Southern Baltic Hills
and Lakes Plains. A small part of the catchment area covers

the sScuthern Baltic Coastal Plains with a runoff of only about

-

5 1/s km”™.,

G Catohment area of the Danish Straits:

Jrosund and the Belts (27,360 km4) is “he smallest sub-~basin
catohment arca, covering the eastern part of the Jutland
Peninsula and the Danish Islands as well ag the western part
i e skania Peninsula. Runoff about 9 1/s km2.

7. Catchment area of Kattegat

{78, 650 km™) is Characterized by subgtantiai asymmetry, with
large quantities of fresh water supplied in the north-eastern
part and considerably less in south-western part. Tﬁe main

river is the Gdtariver, bringing waters from lake Vanernl(the
largest among the Swedish lakes), originating from the Middle
swedish Lake Lowland and the southern part of the Norriand
Plateau; its drainage- basin constitutes almost 2/3.of the
catchment area. The catchment is characterized by high runoff,
over 11 1/s km”. However, attention should be paid to the fact
that the Gdta discharges itself at the northern lim%t of
Kattegat. In case there is an outflow from the B?ltlg {much more
frequent than inflows from the North Sea), the thgrlvgr water
flows directly to Skagerrak, without really participating in the
exchange of the whole water mass of the Kattegat. In Such cases
the Gdtariver tributary to Kattegat should not be taken into

account,

2.3 INTERNATIONAL CHARACTER OF THE DRAINAGE BASIN

The Baltic Sea catchment is divided into territories of seven
Baltic countries: Sweden, Finland, the USSR, Poland, thelGQR,
the FRG and Denmark, all lying on the Baltic, and in addition _
also small parts of the territories of Norway and Czechoslovakia;
totally nine countries. Out of them only Poland, Sweden and'
Finland are almost totally in the catchment area together with
over half of the Danish territory. Both German states cover
small parts of the catchment area; similarly, only 10 % of the
area of the Buropean part of the USSR is 1n the catchment.

The share of the mentioned countries in the Baltic Sea catchment
area is presented in Main Table 2.
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Chapter 3

Mz TODOLOGY
Zdwzislaw Mikulski
ULlf Ehlin {Sweden)

{(Poland), Malin Falkenmark (Sweden) and

3.1 INTRODUCTION

The Baltic Sea is claimed to be one of the most polluted sees

of the world. Ecologilcal impact assessments depend on good
information on the water renewal of the different parts of the
system. The necessity to determine the water balance was pointed
oul already by the beginning of the present century (Kriimnel
1904, Spethman 1912, Witting 1916, Runde 1922). However, well
organized measurenents had to wait for the foundation of the
bydrological Conferences of the Baltic States in 1926 to be

made possible.

Until 1939, only partially homogenous incomplete hydrological

data were brecught together, and the data had to wait for

Worldwar II to end before compilation and analysis became

possible (Brogmus 1952). Twoe yvears later, also the fluctuations

of the water balance had been analyzed (Wyrtki 1954). Since then,
continuously increased interest in the system has been generated
by oceanographers and ecoclogists, in response to the environmental
problems developing in the wake of ever increasing pollution

loads from the countries bordering the sea.

3.2 WATER RENEWAL CONCEPTS

Oceanographers working with the Baltic mostly focus on internal
water exchange processes, such as the mixing between layers

and between subregions, mixing between coastal waters and the
open water mass etc. They are further interested in the water
exchange with the North Sea, the path followed by individual salt
water inflows, the salinity distribution in the Baltic, and the
development of the oxygen conditions in its deep water.

lydroleogists, on the other hand, tend to regard the semienclosed
sea more as a whole, and to see it in close relation to the land
area drained. They are occupied with the water storage in the
basin and with the external water exchange, and take less notice
of the salinity of the different water balance elements.

The Baltic Sea is,in general, characterized by a positive fresh
water balance, and its water is therefore brackish. The basin is
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in hydraulic contact with the North Sea over the shallow
thresholds on the Danish Straits, which allow a restricted water
exchange only. Basically, the water mass of the Baltic consists
of an upper layer with continuous throughflow of fresh water

from the rivers discharging into the Baltic, and a lower layer of
higher salinity, where the water is renewed in an oscillatory
manner through irregular salt water instrusicns from the North
Sea.

Basically, the dynamics can roughly be described by the simple
exchange model in Fig. 3.1. The external forcing functions
governing the water exchange are

* fresh water supply from the land drained
*  outside sea level and salinity (North Sea)
* meteorological forcings.

The renewal of the water mass is described bv the water balance,

~a concept guite extensively used by hydrologists. The concept

includes the gquantitative relationships and the different
interconnections between all the elements responsible for the
renewal of the water by different exterior processes:
precipitation (P), evaporation (E), input by land runcff (L),
salt water inflow through the straits connecting the semi-
enclosed basin with the bordering sea (M), water storage ov
retention (AV), and water outflow {H}.

_____________ e

A

P = precipitation

E = evaporation

L. = river inflow

AV - = storage difference
H-M= net outflow

1

3.1 Water exchange model




i combination, these water renewal processes are of primary
importance for the retention time characteristic for any semi-
conservative pollutants introduced from adjacent land areas,

and therefore for the pace to be expected for advancing pollution
in the Baltic Sea. They are also important for the ability of

the system to recover, once that new pollutants are no longer
introduced, and the remaining péllutants in the basin are
successively swept out through the outlet with the waters leaving
the Baltic system. When analyzing trends in the pollution or in
the natural biological and chemical conditions, also long-term
variations and trends in the water exchange elements have to be
taken into account.

The water balance is composed of processes of vertical and
horisontal exchange (Fig. 3.1). On a short-term basis, a change
in water storage has alsoc to be taken into account. The vertical
and horisontal parts of the water exchange play different roles
in different semi-enclosed basins. In some basins, the vertical
exchange may dominate, in others the horisontal one may dominate.
Any of these exchanges may be either positive or negative.

In the international project, the water balance of the Baltic Sea
was studied by comparing the individual inputs and outputs of
freshwater, and the coitplementary inflow of salt water from the
North Sea. The following balance equation expresses the water
balance:

(P~ E + L) + (H - M) = AV

net exchange difference in
with the Sea retention

supply of
fresh water

The net fresh water inflow (P - E + L) includes the three
primary water balance elements precipitation (P), evaporation
(E), and land runoff (L), and is influenced by c¢limatic conditions and
hydrography of the drainage basin. The net freshwater outflow

{H - M), and the water retention in storage 4V could be seen

as sccondary elements in their constituting the effects of the

balancing of the primary elements with the sea water inflow (M)
North Sea.

from the

3.3 SEPARATE DETERMINATION OF INDIVIDUAL WATER BALANCE ELEMENTS

Specific for the international project was the effort to
determine, separately, each of the individual elements of the
water renewal of the system. By so doing, the water balance
equation would give a closing error. The work was divided
between the riparian states according to the main principle that
each country took the main responsibility for one element each
{(FFig. 3.2).

Due to the tenporal fluctuations between different time periods,
it was decided to select a joint time period, for which all
elements should be studied. The period 1951-70 was accepted as
a basis to calculate the so-~called historical bhalance. The

"period was divided into two decades to study differences between

individual decades.

It was furthermore recommended to accept - as far as possible -
the periocd 1931-60 as a period of reference, interesting for
thig specific purpose by the fact that it is widely used by
climatologists and hydrologists for comparison.

By also studying variations between individual years of the
historical period and the reference period, interannual
fluctiations could be identified, and extreme yvears and situations
illuminated and analyzed.

SUBDIVISION OF THE BALTIC SYSTEM

3.4 REGIONAL

It was moreover decided that the water balance studies should be
carried out sewvaratelv for each of the seven subbasins, into which
the Baltic system was subdivided, as closely described in Chapter
2. By such studies it should be possible to study the individu-
alities of the different subbasins, and to arrive at an increased
understanding of the water renewal of the different parts of the
cascade system, both for longterm average conditicns and for
extreme years and seasons,
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3.2 Work distribution and data flow between riparian countries

3.5 METHODOLOGY DEVELOPMENT

In this subsection, a short overview will be given on the

methods used for the determination of the individual water
balance elements and the results in general. The reader will find
the details in the chapters, describing the work element by
element (Chapters 4-9),

The studies invelved in the calculation of the precipitation over the sea
surfaces were performed by the Swedish Meteoroclogical and
Hydreological Institute (Dahlstxdm 1983). Abundant observational
data existed: over 200 observational posts for the period 1951-70,
and about 300 posts for the period 1931-60. Special attention

was paid to the spatial correlation of the precipitation measured
at different localities. Estimation of the areal distribution of
precipitation over the sea surface was considered a serious
oroblem, taking into account that the majority of the data had been obtained
at coastal stations along a wide strip of the Baltic coast.

The spatial distribution could however be estimated thanks to

the existence also of a number of posts on islands and of
installations on lightships and other ships.

As further described in Chapter 5, the ¢btained results gave
much higher values of precipitation than the ones accepted in
earlier studies. This was mainly due to the introduction of
corrections of the observed values (always in the positive
direction due to gauge deficits). This considerably changes the
proportion of this element in the total balance. In the spatial
dimension, the precipitation grows from the Bothnian Bay
towards the Danish Straits and the Kattegat. In the course of
an average year, a growth takes place from a minimun in March
to a maximum in August {sometimes in July}.

One of the most difficult elements to estimate was the
evaporation from the sea surface. In principle, there are bhoth
indirect methods of calculation, and direct methods of measurements.
The latter are however, in the case of a vast sea surface,
extremely difficult to conduct. The estimations had therefore to
be based on meteorological data representing certain spots, such
as islands, lightships and other ships, equipped with the
necessary meteorological instruments. The most reliable methods
utilized by the West German specialists {(Henning 1983) was the
so~called aerodynamical method. For comparative purposes, the
relatively new aerological method was also tested, basing the
estimates on data from the aerological network around the Baltic,
by recording differences in water vapour content in the air
moving over the sea. However, this method proved to give
unsatisfactory results.

Although representing a time period of more than a century, the
observational data available for calculations according tec the
aerodynamic method were extremely inhomogenous. The methodological
difficulties involved induced the scientists to undertake a great
measurement effort during

the period July 1975 -~ December 1977.




-

Joint action in all the Baltic countries during

this concentrated period produced a large data material, in
aeffect corresponding to 75 % of the whole data material at
disposal for the final estimations of the evaporation. Since, at
the end, only 20 & of the data material available represented
the period 1951-70, selected for the historical balance, the
conditions during the pilot study year heavily influenced the
final calculation of evaporation alsco for the historical period.

The results obtained in the evaporation study - as will be seen
in Chapter 6 - are higher by more than 10 % than previous
evaporation estimates for the Baltic Sea. Highest values were
recorded during the autumn and early winter, whereas vearly
minimum takes place during the spring. In the spatial dimension,
the evaporation increases from Gulf of Bothnia towards the
Panish Straits and Kattegat.

Poland undertook the responsibility to calculate the river inflow
from the drainage basin of the Baltic Sea (Mikulski 1982). The
studies were based on a very long period of observations in
order to study also possible variability over time. The
calculations were based on 17 rivers selected as representative
for each one of the subbasins of the Baltic. In order &o check
the accuracy, calculations were carried out for the two decades
composing the historical period 1951-70, based on respectively
65 and 71 centrolled rivers. The error of calculation was found
to be within the range of a few recent {exceptionally up to
16-13 %) .

In the period 1921-75, the inflow during individual decades was
noted to show a guite distinct stability (Mikulski 1982). As
further developed in Chapter 4, river inflow culminates in spring
(April-June) and takes on its lowest values in winter. A
statistical analysig of the river inflow was performed

in coeoperation with specialists from GDR (Hupfer et.al 1979),

The total inflow to the Baltic Sea is dominated by the inflow to
the Bothnian Bay and the Bothnian Sea and the Gulf of Finland.
Mean values for multiyear periods do not differ much from
estimates in earlier balance calculations. There are however
some differences to be noted in individual regions due to
anthropogenic influence of flow control in the main rivers.

The water storage element of the water balance was gilven
considerable efforts in the proiject by Soviet specialists
{Lazarenko 1980). This element was determined from water stage
observations at a large number of gauges around the Baltic.
Based on an analysis of representativeness of existing
observational gauges, 59 were selected as representative

of the changing level of the open sea, i.e. not aexposed to
local influence. From mean daily levels, monthly average were
determined for the five regions inside the Danish Straits.

As all other water balance elements were studiegd by monthly
averages, in order to keep free from short-term influences
storage changes were also considered on a monthly basis. The
annual course of water storage changes were therefore based on
monthly changes of average sea-water level rather than on changes
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from the first day in a month to the first day of the following
month. Monthly volume increments were calculated by multiplying
the sea-level change with the sea surface area of that specific
subregion of the Baltic Sea.

During the Pilot Study Year July 1975 - December 1976, intensive
field studies were undertaken in the Danish Straits in order to
determine the water exchange between the Baltic and the North
Sea. This operation was based on current measurements at 18
different verticals distributed over 9 cross sections in the
different sounds. The work was done by Danish oceanographers
within the framework of a five-vyear effort, known as the Belt
Project (Jacobsen 1980).

As further discussed in Chapter 8, analysis of the results
obtained showed that direct current measurements (given the
present state of the measurement technique and the inhomogeneties
of the velocity field) do not give a sufficient basis to allow
the ‘separate determination of the inflow M of salty water from
the North Sea, and the outflow H of brackish water from the
Baltic. Therefore it was decided to confine the studies only to
estimations of differences between these two water exchange
elements, i.e. to determine only the net ocutflow to the North

Sea (H-M).

3.6 THE PILOT STUDY YEAR

In order to test the different methods to estimate the water
balance elements and investigate the errors involved in the
calculations, it was dec¢ided - as already indicated - to undertake
a special Pilot Study. The study was planned tc last for one year
from July 1975 but since there were uncertainties with the data
collection in the beginning the Pilot Study year was prolonged
until December 1976.

During the Pilot Study year the Danish Belt Project, as already
nentioned, undertook exitensive current measurements in the Belt
Sea and the Sound. These investigations were of great importance
as a test of the possibilities of direct measurements of the
complex water transports in the transition zone between the
Baltic Proper and the North Sea. Good results of these
measurements would have given an estimate of the closing errxor
in the water balance calculations. Unfortunately the results
were not of such a quality that this goal was reached. The
results of the Danish study is reported in Chapter 8.

Another aim with the Pilot Study year was to test the possibilities
to calculate the Baltic Water balance on an operational basis and
with the estimations of the balance elements carried through in
different countries. The conclusion of this test is that it might
be possible to make the calculations on an operational way, with
the work decentralized to the hydrological services within the
Baltic countries.

The main results of the Pilot Study are reported in Chapter 10.
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Chapter 4

INFLOW FPROM DRAINAGE BASIN
ndzislaw Mikulski {(Poland)

4.1 METHOD OF CALCULATION

4.1.1 Selection of method

The Baltic drainage area is characterized by a ilarge number of
relatively small rivers, especially in its northern part (the
drainage area of the Bothnian Bay and the Bothnian Sea) . This
makes the calculation of river inflow rather cumbersome.
Although most of the rivers have, for a long time, been under
hyvdreometric control, enabling precise determination of the
inflow, the detailed calculations demanded in this case involves
a large amcunt of work. On the other hand, an oversimplification
would adversely affect the results of the determination. The
method chosen for computation of the inflow is based on a
selection of rivers, representative for individual regions and
so that their drainage-basins covexr a large part of the drainage
area of the Baltic.

Syastematic hydrometric control covered some of the more important
Baltic Rivers as early as the first half of the previous century
{(the Gbta 1807, the Neman 1811, the Vuoksi 1847, the Neva 1859);
others at the end of the century (the Kymijocki, the Kemijoki,

the Lule dlv, the Angerman d1lv) . The existing data enable an
analysis of long-term characteristic features of the flow.

It was first decided to calculate the river inflow for the
50-year period 1921-70, subsequently extending the period until
1975 (Mikulski 1980, 1982). Averaging calculations were made

for the two decades fo the so-~called "historical balance" period,
1951-60 and 1961-70; both periods were used for methodological
comparison. Inflow was also calculated as five-year averages
{1961~65 and 1966~70) in order to study the inflow variability.
For calculating the inflow, initially 65, later extended to 71
partial river-basins were used, represented by 40-45 controlled
rivers.

Calculation of the annual inflcow in the period 1951-60 was made
at the end of the 1960s, in other words before an organigzed
cooperation in this field was begun and applying border lines
and region areas, differing from the later defined onesé
{corresponding to a total drainage area of 1,649,550 km*). Left
outside these studies were parts of the Danigh Straits and
Kattegat (Mikulski 1970).

'or the period 1961-70 (Mikulski 1972} monthly inflow was
dotermined, assuming a somewhat different size of the drainage
area (1,634,823 km?), but within the same border lines and for the
same areas as earlier.,

4.1.2 Selection of representative rivers

Once that the final borders of the subbasins and the western
border of the Baltic had been determined (Ehlin et al 1974),
and the conclusive borders of the corresponding drainage areas
had been defined, uniform calculations of monthly river inflow
were possible for the period 19%21-75. In order to simplify and
automatize the calculations, 17 rivers representative for the
selected drainage areas were chosen. The selection was based
on the runoff considered representative for a particular part
of the drainage basin; the length of a river (preference for
larger rivers of greater importance in the drainage); and
finally, availability of data r preferably in hydrological annals,
especially in the UNESCO/IHD/IHP yearbook.

The Bothnian Bay {269,950 kgz) was represented by tge following
rvivers: Lule dlv (25,250 km ) *), Kemijoki (50,900 km and
Kalajoki ~(3,024 kmz); adding up to a controlled area of 79,174
kmz, which constitutes only 30 % of the drainage area of this
subbasin.

The Bothnian Sea (229,700 kmz) was also represented by three
rivers: bDal&lven %9 040 xm?) , Kokemdenioki {26,025 km*) and
Ume dlv (26,730 km“), corresponding to a controlled area of
81,795 km or 36 % of the drainage area.

The Gulf of Finland (419,200 kmz) was similarly represented

by three rivers, although with a decisive supﬁemacy of the
Neva: Kymlgokl {36,537 kmz), Neva (281,000 km and Narva
{56,000 xm“); the contreolled area is thus 373, 537 km=, or 89 %
of the drainage area.

The Gulf of Riga (127.400 km%) is represented by the only large
river - the Dvina (82,400 km“) controlling 65 % of the drainage
area.

Baltic proper (568,793 kmz), due to a big and varied drainage 5
area was represented by six rivers: Midlaren-Norrstrdm (22,600 k),
Vittern- Motalastrém (15,470 km?), Alster&n (1,537 km“), ,Neman
(81,200 km#), Vistula (193,866 kxm 2) and Cder (109,364 km )

the controlféa area amounts here to 424,037 kmé which constitutes

75 % of the drainage area.

The Danish Straits (27,360 km?) and Kattegat (78,650 kmz), due

to only small rivers existing in the area, were represented only
by Gota River (50,280 km?) emptying into Kattegat at its

northern end, i.e. at the westernmost end of the Baltic. The

Oder River was additionally adopted as representative for the
runoff from the drainage basin of the Danish Straits, assuming
that runoff from the drainage area has intermediate values between
the flows of the Oder and the G&ta. Thus, the drainage area of

o)

Kattegat was in this case controlled to 64 %.

The Baltic Sea (1,721,233 ka) is in other words repres @nEed by
17 rivers, controlling altogether an area of 1,091,223 km™, i.e.
63% {less than two thirds) of the whole drainage basin.

*Ythe values in the parantheses are the sizes of river-basins
controlleéed by a hydrometric profile
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4.1.3 Precision achieved

Verification was made of the precision of calculation by
comparing the results from the simplified methed, i.e. based on
the data from the 17 representative rivers, with the results of
detailed calculations for both 10-~year periocds 1951-60C and
1961~70, taking as examples the Bothnian Bay and the Bothnian
Sea — the least controlled (except for the Danish Straits) - as
well as the Gulf of Finland and the Gulf of Riga - with a high
degree of control. The borders and areas of these regions did
not undergo significant changes.

Table 4.1 Riverflow precision according to different methods

19511960 /m>/s/ 1961-1970 /o /s/

detailed simpl. error detailed simpl. error
Bothnian Bay 3,224 3,105 -~ 6.1% 3,198 3,103 -~ 2.9%
Bothnian Sea 2,634 2,947 + 10.6 2,668 2,062 + 12.9
total 5,858 6,052 + 3.2 5,866 65,165 +
Gulf of Finland 3,738 3,722 -~ 0.4 3,482 3,464 ~ 0.5
Gulf of Riga 1,026 593 - 3.3 848 847

In conclusion, the error caused by using the simplified method
in case 0of the Bothnian Bay and the Bothnian Sea reaches a
maximum of 13 % which means that it exceeds only slightly the
error of flow measurement accepted in hydrometry and estimated at
apout 10 %. The error could be either positive or negative and
will thus in the result often be reduced. In the case of the
Gulf of Finland and the Gulf of Riga, the calculation error is
minimal -~ it reaches at the outmost a few percent.

4.,1.4 Some adjustments

In the data materials, supplied by the Baltic countries, several
flow values were missing, especially during World War II,

mainly from the rivers in the USSR and Poland. The largest

gaps were the following: the rivers Neman (Nov. 1943 ~ June
1946), Neva (Sept. 194z - Febr. 1943), Narva (1944), Vistula
(Jan. = Oct. 1945} and Dvina (July = Dec. 1944).

Connections between the flow values of these rivers and
neighbouring rivers were used to supplement the data. This
strategy was considered more advantageous than leaving gaps in
the flow charts.
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A particular difficulty was presented by zero flow in some
representative rivers (mostly during winters) and sometimes
even negative flows ({in the case of the outfliow of Lake
Médlaren}, caused by inflow of sea water up the river. In this
case freshwater flow was calculated either from suitable
dependences between neighbouring rivers (with reference to the
Kalajoki and_the M&laren), or accepting the lowest value of

filow @ = 1 m3/s (degree of precision of the calculation) as the
lowest value considered in the calculation (in the case of a
small river - the Alsteran). In this way, zero values of inflow

from the drainage area of a river, could be avoided.

For the calculations of river inflow, computers were used.

The amount of data material, necessary for the calculations
decreased considerably by allowing to use only hydrological
annals of the Baltic countries. The method can be easily used
in the future, as the basic data needed are available without
aifficulty. The chosen procedure is at the same time an attempt
at automatising the water balance computations of the Baltic

"Sea, which will be of real importance when preparing an operative

balance. The resulting river inflow data are presented in Main
Table 3 (reference periods), Main Table 4 (1951-70) and Table
4.2 (Pilot Study Year).

4.2 ANALYSIS OF RIVER INFLOW TC THE BALTIC
4.2.17 Long=-term fluctuation

The long-term average annual river inflow to the Baltic, exposed
in Main Table 3, is characterized by a high degree of stability
in time and amounts as a long-term average for the whole period
1921-75 to exactly 14,900 m3/s; in the refexrence period 19231-60
it amounts to 14,600 m3/s (461 km3), which constituted 27 % in
relation to the studied 55-year period. The annual mean inflow
for the standard 20-year period 1951-70, selected for the joint
water balance studies, was 14,970 m3/s (473 km3).

The interannual fluctuations of the annual inflow lies between
76 % (1942Z) and 130 % (1924). It is worth underlining that 1924
was characterized by an exceptionally high value of the inflow
of 19,500 m>/s (618 km3) and the second highest yearly value
{1931) is 17,700 m3/s {560 km”). Individual 10-vyear periods

and the last 5-year period manifest the following irregularities
in relation to the long-term average {(cf. Main Table 3).

1921/30 1931/40 '1941/55 1951/60 1961,/70 1971/75

109 % 100 % 93 101 % 100 93

o0
fe\ed
o




RIVER INFLCW TO THE BALTIC SEA / mm/

Piiot Study Year

1975 51 976 L SUM
VI VIII ¢ X XI XIIiSum I II III IV VvV VI VII VIII IX X XI  XIT Year:'PSY |
Bothnian Bay 1129 114 181 255 186 16811033 166 162 153 188 516 232 130 151 122 121 141 13920823115
Botbnian Sea 90 88 82 117 96 89 562 88 80 82 64 116 118 83 80 68 57 59  62] 95711519 |
Gulf of Finland [398 343 309 300 249 170117621161 158 182 254 325 315 318 311 300 296 272 22131134882 |
Gulf of Riga 150 34 29 32 30 36;211' 48 31 54 372 300 109 85 37 43 35 44 64,12221433 !
Baltic proper 3235 22 24 25 26! 164,40 31 43 60 36 33 20 18 17 21 22 31 372| 536
Sund and Belts {20 24 22 16 16 16 114-22 17 22 19 18 17 12 13 13 1312 15 193! 307
Kattegat 59 82 81 52 48 47369 55 42 62 52 54 54 41 42 40 40 32 37 551 920
. Total Baltic 77 75 71 82 70 61 436 69 61 70 95 124 90 66 64 58 57 58 61 8731309 |
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For the period as a whole, there is a declining tendency in
the 1930s, and a slightly growing tendency in the 1940s;:
beginning with the 1950s, the inflow values oscillate around
the long-term average (Fig. 4.1).

4.2.2 Seasonality

The annual regime of the long-term average infiow is charac-
terized by an inflow of melted snow (Fig. 4.2}.

After a start with the lowest values at the beginning of the
vear {(January and February, 69 % of the vearly inflow value
each), there is in the spring a significant rise in the river
inflow reaching a maximum in May (160 % of the annual mean).
Also in June, the high inflow persists, after which a decline
occurs down to the winter minimum.

The long-term fluctuations of the annual river inflow to
individual subbasins of the Baltic during the period 1921-~75

is exposed in Fig. 4.1. In general, the inflow remains at a
stable level. The declining tendency during the 30's of the
total inflow to the system is visible in the Gulf of Finland
and obvicusly an influence of the river development of the Neva.
It also indicates a significant share of that river in the

total inflow to the Baltic.

Analysing the seasonal changeability of the inflow *o individual
subbasins of the sea, an influence of the river basin developmnent
in their drainage areas can be clearly noted (Main Table 4,

Fig. 4.2). The Bothnian Bay shows the lowest value of inflow

in March, followed by a rapid growth to a maximum in May: a

small secondary growth is observed in OQOctober. A similar course
is manifested by the inflow to the Bothnian Sea with a minimum
aisc in March and a slightly lower maximum in June.

The Gulf of Finland is characterized by a different, gquite
stable course of the inflow with a very late maximum - as late
as in July, and a minimum in January. A completely different
course is shown by the inflow to the Gulf of Riga where, after
a minimum in February, a rapid growth of inflow takes place
with a maximum in April and a slightly marked secondary maximum
in November; the spring maximum for the whole period reachesg

348 % of the average vearly value, and is a result of comparatively;

early - as for the drainage area of the Baltic - inflow of water
resulting from snow melting.

The ceurse of the inflow to Baltic proper is similar, although
much more stable. Starting with the winter months, there
appears a slow and small increase of the inflow to a maximum in
April (189%) , followed by a slow decrease of the inflow. From
July till October low values of the inflow occur, reaching a
mwinimum in September (66 % of the average value for the whole
period). A very even course is shown by the river inflow to

the Danish Straits and Kattegat; in this prart of the BRBaltic

-3~
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4.2 Seasonal variations of river inflow to the subbasins of the
Baltic Sea., Long-term average 1921 - 75
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high values occur during winter (with a slightly marl

Kad minimam
in March) and low values

in summer (with a minimuom in July) .
The annual course of river inflow to the Baltic Sea as a whole
is the resultant of inflow to its individual subbasins. The
predominating period when minimum occurs is winter (with an
exception of the Danish Straits and Kattegat); the maximums of
inflow occur over a longer period of time

- from March (the
Danish Straits and Kattegat} through April (the Gulf of Riga

Period 1921-75.

and Baltic Proper), May (the RBothnian Bay), June {the Bothnian . ] [ o
Sea) till July {Lhe Gulf of Finland ~ the Neva river-basin ® 3
pordering the drainage area of the White Sea in the north-east). .ﬁ 8 g
n !
3 54
£ Q o
P - g
4.2.3 Horisontal water renewal 0 o4 o
c o e 9 . e " ~
g 8 % o TN @ &~ o .o N
]
Wnat is the share of river water in the total water mass in the a . T T
subbasins and in the Baltic as a whole {Table 4,.3)7? Undoubtedly, ﬂ :
the biggest share is in the Gulf of Finland. Thecoretically - ; ~ ™ 0w 0 @
over a year, the new layer of river water would reach 3.73 m. o f 9‘ N A N -
A large share is also noted in the Gulf of Riga (7.1 %) where % oo = - M - O - o
the layer would be 1.61 m; similarly in the Bothnian Bay " 3 L ) .
(6.4 3), the analogous water layer would reach as much as 2.62 m. @ 9
The smallest share of river waters is noted in Baltic Proper w & . = g g PR Q ; 3
(0.8 %), where the layer would reach only 0.48 m, and also in e 0 ; o & m > o w©
the Danish Straits (2.6 %), the layer reaching only 0.38 m. ) 5 i mE n o o 0 = o~ o~ o
For the system as a whole, the share of river water amounts to Q oo kY, A o -
2.2 %, which gives a layer of 1.13 m; undoubtedly, the lLow m T
contribution from the drainage-area of the Baltic pPropexr is Q o ~
reflected here {only 5.7 1/s km? combined with a large area and ﬁ 3 g
capacity of that region of the Baltic). Tt should be stressed w S i ~ A B L ) ™
that these remarks concern the annual contribution to the water o} P @ e ® ® ~ 1 o o ©
volume, and not the share of river water in the water balance of 0 = — — e -
the sea: this issue will be discussed Separately in Chapter 10. %
g ] _av“, . .
p ¥
0]
24 Statietical | . 5 - - 2
4.2.4 Statistical inflow analysgis = § 5\ S = w o N N i
v i = moo e “ —
R ’ e . I
o S SRS B
A statistical analysis of the calculated river inflow was made .ﬁ
based on the 50-year data material for the vears 1921-70 o
{(Hupfer et al. 1979}, e o e m
a 'S % TR
It was found out, among other things, that the strongest F S8 e © & 3
regional correlation occurs between the inflow to the Bothnian o 5 o 5 A o m P
Bay and the total inflow to the Baltic. Quite high correlation ? s . B~ a S 0
exists also between the inflows to the Gulf of Riga and Baltic 0 L - R - < g’ O
Proper (two regions similar with respect to the climatel, . D © e © - ) B
Correlations among values of the inflow to the whole Raltic « O - b~ B S BT A —
show a dominant influence of the Bothnian Bay and the RBothnian : v @ o 5 0 8 S g a g S
Sea; a swaller influence is shown by the Gulf of Finland, 5 oM g\ o M
the Gulf of Riga and Baltic proper. As a deneral conclusion, 4 ] Q Yo woow o~ 1 .
the Bothnian Bay and Bothnian Sea as well as the Gulf of Riga Foow SN =< DU WS~ o Y K
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gnd Ba%t{g proper behave relatively homogeneously, while the
Gulflpt IFinland and the Danish Straits and Kattegat differ guite
considerably from those regions. ' ’

-

d.2.0 Concluding remarks

e presented calculations of the river inflow to the Raltic
sea are based on a guite homogeneous data material covering a
considerable period of time. The obtained results seem to be
iglly representative and can constitute a basis for calcula{ing
the normal water balance of the whole sea and its main sub-
basins. They also allow to define with some precision the long-
term tendency of the inflow. Against that background, it ié
possible to state that most of the values obtained earlief do
not show significant differences from the long-term average
(Sb‘years). For example, Spethmann (1912), Witting (1918) and
Runde (1930) obtained results with an error only within the
range cf + 1 %; similar values were accepted by}Broqmus (1952)
in his revision of the water balance of the Baltic."slightly
bigger differences can be noted for individual regions, '
prgbably caused by acceptance of differing region'boundaries
and thus different drainage basin areas.

Dg?ermination of river inflow to the Baltic should be continued.
Tnis is strongly motivated by the role of this element in the
presept water balance of the sea, the role it plays in
hydrological relations in general, and also by the anthropogenic
ghanges of the inflow caused by progressive hydrotechnical
qevelqpment of the rivers in the drainage area (Ehlin and
zachrlsson 1974) as well as intensification of land management
in general, which would be expected to alter the runoff
conditions.

Chapter 5

DETERMINATION OF ARBEAL PRECIPITATION FOR THE BALTIC SEA
Bengt Dahlstrom (Sweden)

5.1 INTRODUCTION

The main objective of this investigation is to estimate monthly
areal precipitation over the subbasins of the Baltic Sea. In
this report areal values have been estimated for the periods
1951-1970, 1931-60 and for the Pilot Study Year, covering the
period July 1975 to December 1976.

The areal estimates computed in this report are based on correct-
ed point precipitation data: it is a well-known fact that
measurement by gauges gives systematic deficits in precipitation
amounts. For each station corrections of the monthly values have
been suggested by the respective country.

For the areal estimation of precipitation within the Baltic Sea
and its subbasins statistical interpolation has been applied.
The normalized fields have been extrapolated from the available
climatological point data.

Methods for determination of areal precipitation have been
discussed by Rainbird (1967) and by Dahlstrtm (1976). The fact

that the principal part of the point precipitation data are

samples representing land conditions rather than the

precipitation regime over the sea may lead to serious errors in

the areal estimates. To reduce these effects of the inhomogeneities
the statistical interpolation method is applied on normalized
precipitation data.

5.2 METHODOLOGY

The data stocks delivered by the respective Baltic bordering
countries consisted of monthly and yearly precipitation sums
(uncorrected and in general also corrected data),from the
following total number of stations:

Period i Number of stations

1931-60 299

1951-7C _ . 226

1975/76 464 (the Pilot Study Year)

Some countries have also submitted data for the period 1871-
1975.




The data coverage was densiest in the region of Denmark and in
the other coastal regions, the density of stations was roughly
the same. Below are presented some further information about
the data,

5.2.1 Error influences at point measurements

The conventional measurement of precipitation is a very simple
procedure and consistsg in emptying a bucket and measuring the
amount by using a graduated glass. In the case of solid
precipitation the content of the gauge 1is melted and then
measured. Despite this simple character of measuraement the
value obtained is influenced by a variety of errors.

bue to the fact that the error sources freguently interact in
causing a deficiency in the pPrecipitation amount it is important
to find suitable amendments for the point measurements. As
lodestar when going through the jungle of possible error
influences on point measurements the following mathematical
model can be used (of., B. Dahlstrém, 1970).

a

2

— PR L LT . 4 e /‘. 4 .\ 1 /‘\_ A
PY o= P o+ PE ok PS + /\ PA i £ PW 4 .Z..PP} {IPD ; 4 /PP
errcrs due to meteorological purely  error caused by the
and instrumental factors instru~  observer or by
combined mental  unforeseen incidents

Grror

The error sources are of individual physical origin and
consequently this 'additive' model has been formulated.
Explanation of the formula: P' = observed precipitation amount,
P = tyue amount, B = evaporation/condensation, 8 = splashing/
drifting of snow, A = aerodynamic influence (the "wind effect! ) .
W = weltting, P = unsuitable position (effects from interception
etc), D = defects of the instrument, R = reading errors and
unforeseen incidents,

In the normal case it is sufficient to correct the data for the
aerodynamic influence (LLPA), the wetting error (ﬁ;PW} and the
error due to evaporation (ANPR).

In general the magnitude of the corrections are based on special
Field investigations designed to reveal the error sources
inherent with the respective precipitation eguipment. A compre-
hensive survey of this research field is contained in WMO 1982,

The limited space available does not permit a description here
on the individual correction methods applied in the respective
country. however, part of this information can be obhtained from
thie following references! Solantie (1974, 1977}, Korhonen (1944),
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5 5 3 dsen (1980), Karbaumn
St er and Golubev (1976}, Alleru and Ma n- ‘ax
?1523, 1970), Chomicz (1977), Wielbifiska (1977), Dahlstrddm (19273).

5.2.2 The quantitative correction effect obtained
by the various methods

' j fati i teristics of the

For the computation of statistical charac : St £ th j
precipitation field it is important that fictitious paLLern’u
or large systematical errors are not introduced by the correc-
tion method applied.

' : i tions in the

Table 5.1 Comparison of the applied correc y
resgective country: Mean ratio between correction and
corresponding corrected precipitation sums 1931—?9§Q.
The corrections have been determined by the respective
country

Month

Sweden s
113 stations 0.20 0.21 0.21 ©¢.16 ©.1% 0.08 ©.09 0.10 0.0% 0.12 0.14 0.18 9.
Finland

%8 grid )
points 0.30 0.30 ©0.29 0.18 0,11 _0.06 0.05 0.06 .08 0.13 0.19 0.23 0.15
s 34 0.18
20 stations 0.36 0.33 0.38 0.18 0.15 0.10 0.07 0.09 0.12 0.14 0.22 0.3

Poiand 1
;g stations 0.18 0.21 0.%15 0.16 G.13 0.09 0,09 0.09 0.10 0.13 0.16 0.17 .
PDHR

25 .15 G.13
25 stations 0.21 0.20 0.18 0,16 ©0.13 0.09 0.10 0.09 0.09 0.13 0.15 0.3

o 0.99 0.09 0.74 0.17 0.16 0.14
31 stations 0.19 0.20 9.17 0.17 0,12 0.09 0.09 . . .

Denmark .
11 18 0.14
34 stations 0.20 06.20 0.17 ©.17 ©0.12 0.08 ©.10 0.09 0.09 0.13 0.16 0

In Table 5.1 above the mean relative correctiops (expressed
relative to the corrected gsum} for the respective country are
presented. Due to the fact that the estimates oflthe porrectlons
are based on results from independent field studle§ the results
scem to agree remarkably well. Due to thg type oftlgstrument

and to the variability of the meteorolog%cal gondltlons the

Lrue percentages are not expected to be identical.
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Hoto3 Some aspects on the areal estimation problom

The determination of areal precipitation over oceans respeciive
over seniclosed seas, such as the Baltic Sea, congists basically
of the same problems. However, the data coverage igs nore
satisfactory within the region of the Baltic Sea than within

the oceans.

The present investigation has been carried out on the basis of
data from conventional precipitation measurements. The bagsic
difference in approach between this investigation and the

pravious computations of the areal precipitation is that corrvected
poeint measurements have been used. The areal estimates have heen
oblained by simple extrapolation of the climatclogical field and
by use of statistical interpolaticn.

S.z2.4 Statistical interpolation of precipitation at sca

For the areal estimation of precipitation within the Baltic Sea
and 1lts subbasins the method of statistical interpolaticon has
been applied on normalized precipitation fields. The normalized
fields have been extrapolated from the available clinmatoclogical
peint data.

The interpolation of grid values was applied by use of corvected
point precipitation data. The deviation of the corrected
measurements from the true point values was taken into account
at the interpolation, see Gandin (1963, 1970},

There is limited information available on the statisltical nature
of the ervor in the corrected data. It is guite clear that
besides the random error in the corrected values there are also
probably systematic errors in all the point correction mathods
used by the respective country.

Due to the fact that no ‘true' data sels are avallable il is
difficult to reach gquantitative conclusions on the magnitude of
the error in the corrected point data.

To further evaluate the interpolation error some gualitative
Judgements are given below on the error characteristics of
corrected data.

1. The spatial error correlation. In a sel of neilghbouring
stations, used at the interpolation of a grid value, the
following factors act towards less spatial corvelation of
errers in the adijusted data:

a. The stations are - depending on their site - exposad to
various meteorological conditions, especially differences
in wind exposure of the rain gauge. Consequently, the
corrections and the corresponding errors in the correctiol
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are subjected to a certain 'random' influence, co?nected
with the variation of wind speed and other pqramete;s '
hetween stations used for the correction. Thisg 'random
influence thus acts towards a low gpatial error

correlation.

[

. The available corrected point data are subggcted to g
different correction methods depending on the ?echn}qugs |
and way of application used in Denmark, Finland, Poiand,Xd
sweden and USSR. These methods seem to haYg been develope
essentially independently. The fact that different )
methods have been in use acts partly towa;ds a greatel__
spatial independency of errors between points representing
different countries.

The point correction methods developed by the reépectljg
Baltic bordering country have been developed on'thelba51s
of information obtained by specilal field investigations

on error sources at precipitation measurements. It seems
conseguently relevant to expect thatltﬁe main systematic
deficit in precipitation catch is aliminated by ghgw‘ )
developed point correction methods and thag the inaccuracy
of the adjusted data is dominated by a ranaom eError
component.

With reference to the items a-c above, spatial%y_unw
correlated errors are assumed in the absence of the
precise information of the nature of the errors.

§ 2.5 Normalization of the precipitation field

One crucial problem at the interpolation oﬁ ra%nfa%; cver the
sea concerns the anisotrophy of the precipltatlon tleldT ~
pespecially the efficient production of rainfall at S?aFlO?i .
uldng the coast during the warm season contrasts strikingly to
'he moderate rainfall at sea. In the autumn the reverse

ciimatological regime exists.

‘he normalized values used in the computations were obtalne? as
e . ; T e . I
ihe deviation of the observed rainfall quantitics «rom tbu long
form average and divided by estimates of standard deviation.

e method appiied to determine the climatolegical fie}ds can
Lo characterized as a rough method based on linear, weilghted
interpolation with climatological adjustment for the land—;ea
precipitation gradients. The method consists of the following

slovs: -

The monthly precipitation measurements were allocated to the.
nearest points in a regular cartesian grid covering the Baltic



sea and the nearby land ar
. g X s areas. From gualitati T
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;tgiigndiétan?% of 50 km was selected. If more tganggﬁgnth
;Peéific ;iiiitugtidtrlthin & distance of 25 km Fromutﬁc
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Table 5.2

- p P 1 gr - P o=y o P - < b

Subbasi recipi i
in No Precipitation gradient G(d) annual values

d = distance from shoreline

d < 100 km d > 100 km

. 0.195
3-7 0.05 0. 075

The relativel zold i

] : .y cold water in the i
due relativel Ld = 1n the subbasins 1 and 2 with ¢
dhratio tgi éii %ov?rwglves a steeper gradient in thégz ie%inger
chenon t effs‘il parts of the Baltic Sea. In addition co q"ons
oroegenic ects on the western side of the north ; ?B?ai
sea make the gradient relatively steep Frh pottnian

The results in Table 5.2 j '
result Table 5.2 indicate that 1Pl '

ohe resuit L ] sat at the precipitati

grom thé iioféecﬁﬁyog}gsg to the shoreline than ;oretgﬁgtant

- And@rggon”ié hllg %S“ln agreement with the result ogtainéd

o thaersson in is study of the precipitation in the rA Lo X
- nian Sea, see Andersson (1963, p. 300) sgron of

y D. .

5.2.6 Normalization due €O variability

The information for the proper computation of the standard

deviation at the location of the respective station was in |
general onliy available at certain stations. At grid points no

relevant measurement data were available for the computing of
statistical guantities.

s lack of information the relevant estimate

In addition to thi
ariakility of precipitation at

of statistical measures of the v
coastal stations is not easy toO determine due to the fictive
variation caused by the error sources inherent with the
neasurement. It was therefore decided to normalize the observed
values by regression estimates of standard deviation and by

climatological averages of precipitation.

These regression estimates were obtained on a monthly and yearly
basis by relating the standard deviation of the rainfall values,
compared in the usual way at selected stations, to the
climatological average ot rainfall at the respective stations.

verages a simple measure of the
variability, here denoted s., then could be obtained using the
regression relationships de%eloped. The difference between the
corrected point values and +he climatological values were
divided by the respective values S5 to get the normalized fields.

By use of the climatological a

5.3. RESULT OF THE COMPUTATIONS
5.3.1 Areal estimates and comparison with previous results

tions on the areal precipitation within

t gquantitatively taken the error sources
ecipitation measurements into account.
dominated by the aerodynamic deflection
around the instrument, give the

cit of precipitation. These error
effects is of special importance for the determination of areal
precipitation within the Baltic Sea due to the fact that the
relevant stations, where data are available, are situated on
wind exposed peninsulas, spits, islands and lighthouses.

The previous investiga
the Baltic Sea have no
inherent with point p¥r
These error influences,
of precipitation particles

integrated effect of a defi

the fact that corrected point measurements have been used 1in
this project means thatl the areal estimates can bhe expected to
be larger than the results from the previous investigations,

where uncorrected point data in general have been processed.

i
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Jable 5.3,

Comparison of areal precipitation estimates for the Baltic Sea

Areal precipitation (mm) - yearly averages

Subbasgin
No B.Dahlstrdm* W. Brogmus H.Simojoki R.Witting
193160 1951-70 (1886~1235) 1886~1935 1898-1912
1 554 535 405 449 533
2 598 572 425 473 554
3 677 593 560 576 595
4 653 590 580 5€9 560
5 655 628 473 544 570
6 h85 692 515
7 684 701
T -5 635 603 470 525 565
1 - 6 638 607 474
T - 7 639 613

* present investigation

The circumstance that the estimates are made for different
periods and the fact that no guantitative error estimate of the
areal values has been presented in the previous investigations
are factors that make a 'direct' comparison of the estimates
difficult.

The relatively low values obtained by W. Brogmus are mainly
explained by his assumption on the precipitation gradient
between land and sea.

The final data on the precipitation from the areal estimation
of the Baltic Sea and its subbasins are presented in Main Table
5 (1931-60) and 6 (1951-70).The areal distribution over the
Baltic is illustrated in Fig. 5.1 (1931-60).

Precipitation during the Pilot Study Year are exposed 1in Table 5.4.

P

5.3.2 Verification of results

The uncertainty of the method applied for the estimation

of the climatological areal precipitation is in particular
commected with the weighting function applied and the adijustment
of the precipitation gradient.

The verification, theoretically or experimentally, of the
computations is not easy to perform. The accuracy of the
estimation procedures is believed to be approximately the same

e
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Table 5.4 Precipitation during the Pilot Study Year. Areal estimates on individual subbasins.

a. 1975
Subbasins I 1I IIT v Vv VI Vii VIIT X X XTI XIT Year
1 Bothnian Bay ity 54 14 14 27 42 32 16 80 71 38 5 51 491
Ly 1.96 0.51 .51 ¢.98 1.52 1.76 .58 2.5%0 2.57 1.38 1.8% 1.85 17.81
2 Bothnian Sea mm3 46 18 25 28 46 40 28 50 o7 3z 38 41 459
pax) 3.65 1.43 1.98 2.22 3.65 3.17 2.22 3.96 5.31 2.54 3.01 3.25 36.39
3 Gulf of Finland mmB 51 23 29 72 42 44 43 5G &7 34 55 &8 567 L
kan 1.60 .68 0.86 2.12 1.24 1.30 1.27 1.74 1.39 1.00 1.62 2.01 16.73 -
4 Gulf of Rica mmB 48 15 34 66 47 22 41 25 44 38 46 87 513
o 0.86 0.27 .61 1.18 0.84 0.39 0.73 0.45 0.79 0.68 0.82 1.56 9.18
5 Baltic Proper 45 17 36 45 43 20 49 32 5 49 a0 45 48
10,08 257 TUEE 9,43 2.03 £.20 10.29 £.72 12.18 10.29 8.2 §.45 101.22
7 Xattegat i SE 1z zz 55 ZZ iE 5z 45 7 45 E
E L3 . o~ o P . = - - ~ . - -~ PR
fest 4.14 [ Ul ] Y e (S S P LT FE
-7 Total Baltic U 52 17 31 44 43 27 43 ey, £ in g4
m 21.59 7.0f 12.87 18.27 7.8 1i.ZV 17,44 17 .44 ZDUZE0 1L 44 Gz
Table 5.4
b, 1976
Suabbasin . I II 111 IV v VI VII VIIT IX X XI X1 Year
1 Rothnian Bay 111 47 39 27 21 17 23 51 19 45 26 60 7 412
: km3 1.70 1.41 0.98 0.76 0.62 0.83 1.85 .65 1.63 0.94 2.18 1.34 14.93 $
. . o
2 Bothnian Sea e 42 29 37 20 18 39 39 30 68 30 80 85 51
km3 3.33 2.30 2.93 1.59 1.43 3.0% 3.09 2.38 5.39 2.38 6.34 6.74 40.99
3 Gulf of Finland aie) 52 22 46 37 27 50 56 44 &3 29 60 64 548
hnB 1.53 0.65 1.36 1.0 0.80 1.47 1.65 1.30 1.80 0.86 1.77 1.8%9 16.17
4 Gulf of Riga igite) 75 13 40 58 36 57 35 35 53 27 71 89 593
7 km3 1.34 0.23 0.72 1.04 0.64 1.02 8.70 0.63 0.95 0.48 1.27 1.59 10.61
5 Baltic Proper T 79 14 36 41 46 32 45 27 51 41 54 101 567 i
we km3 16.58 2.94 7.56 8.561 9.66 6.72 9.45 5.67 10.71 8.61 11.34 21.20 118.05
~ . 9
6 Sund and Belts T 90 12 23 25 71 15 27 16 43 _ 64 39 70 493
km3 1.81 0.24 0.42 0.50 1.43 {.30 .54 0.32 0.87 1.29 0.78 1.41 9.91
7 5 541
7 Katlegat TIn 66 19 17 25 51 21 22 19 48 113 58 82 5
T §<m3 1,47 0.42 0.38 0.5 1.14 C.47  0.49 0.4 1.07  2.52  1.29 1.83  12.06
1-7 Total Baltic mm,, 67 20 35 34 38 33 43 27 54 41 50 87 53¢
g 27.82 8.3 14.52 14.12 15.78 12.70 17.86 11,27 22,47 17.03 24.82 36.13 223.83
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for the coastal areas of all the subbasins. This qualitative
statement emanates from the fact that the procedures_that_@avm
heen used for the estimation are basically the same for all
subbasing. Sophistication of the method has to a g;gat gxtent
been avoided which somewhat 'facilitates’ the verif;catmonn’
the proper verification of the results in the most éaté BRAYGE
areas, such as the interior of the Baltic proper, offers
particularly great problems.

Verification by use gfmigdgpgngegtwdgtg, Data from B st?ti?gs
Z1ong the Swedish coast that were not used at the computation
of the climatological grid fields were compared W1§h thg o
corresponding values interpolated fxom the computad grld_l%@LUbu
#or the comparison the point measurements were cor;egted Py
the same point corvection method which had been used for the
point data involved at the estimation of grid values.

mhe following result was obtained:

The average monthly deviations range from 1% to 8% @ﬁd thﬁ
average yearly deviation is 4%. If the corrected point vaxuef
nus would represent the true values for these & stations, then

he spatial estimation would give an overestimate of 4% (if
he Sial e \
/

1
1

we neslect the above indicated ‘displacenent effect’®) .
: - . - ) - ” A 'A:.““:J'

towever, this limited amount of information does not permit

any detailed conclusions on the reliability of the estimatoes.

From cualitative judgements it seems reasonable that a systematlic
errormprobably is less than 25% of the random part of the errox
influence. with an overestimate of systeratic error influence
= 0.25 the following overestimate is obtained on a monthly
respective yearly bhasis.

Takle 5.5,

mhe relative standard error, E¥, of areal precipitation values
- a probable overestimate. The figures are expressed in A
mercentages (of the areal estimates). Period: individual months
1951~-1974G.

prror estimate B*. Percentages error of respective
arcal estimate. Individual months 1951-1970

(W)
Py
]
N
~J
—_
i
~J

Subbasin No 1 2

.~47_

The values on L* presented in Table 5.5. represents an over-
estimate of the areal relative error for an individual month
1951~197C. The variation between months was small.

5.4, CONCLUSIONS
5.4.1 The estimation problem

Within this proiect corrections of point precipitation data
were - with some exception - applied by the respective Baltic
bhordering country. The methods of correction were of different
kinds according to the type of precipitation gauge and the
results fxom special investigations on error sources of
precipitation measurement in the respective country.

Consequently the point correction c¢an be regarded as a procedure
independent from considerations of the spatial structure of
precipitation within the Baltic Sea. This fact seems important
with regard tco the circumstance that the error sources at point
measurements 1s one factor and the meteorological mechanismg that
determine the yearly, spatial distribution of precipitation is
another factor that influences the sgpatial pattern towards
decreasing amounts with increasing distance from land. The two
factors are thus compounded, but have been possible to separate
from each other in a basically independent way in this investi-
gation.

The paramount problem at the areal estimation concerns the lack
of reliable observatiocnal evidence in the interior parts of

the respective subbasin. Nevertheless, the study of the
covariance field by use of monthly precipitation sums reveals
that there is a considerable correlation between values from
coastal stationg and values well off from the coast. Conseguently
a large amount of climatological information on the conditiong

in the data sparse areas are contained in the data from stations
on spits, lighthouses, islands etc.

5.4.2 The estimates

1. The areal estimates o©of the present investigation indicates
that the long-term average of yearly precipitation amount for
the whole Baltic Sea, with the subbasins 1-7 (Danish sounds

and Kattegat included) is about 639 mm3 {265.77 km3), for the
period 1931-1960 and 613 mm (254.25 km”), for the pericd 1951-

1970, With consideration to error limits the average precipi-
tation on a long term basis' is estimated to be within 600 mm
to 650 mm ger year and with a probable average of 625 mm

)

(259.54 km
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The maximum areal value for the subbasins 1-7 for the period
|~ _ <D = O

1851-70 occurred in 1960 with
' ; th 730 3 - ini
value in 1964 with 487 mm (200 km3?T (303 k) and the minimn

5.4.3 Urgent future activities

1. For ULE i
imgoii-fEthO’COmPUtaLlOnS of areal precipitation it seems
portant to include information from remote sensing devices and

also information co i i
for ntained in the itati i ipi
S0 iplormation quantitative numerical precipi-

n part; o .
fhepditl?ul?l it seems important to understand gquantitativel
ﬁr P Yilfa_ mechanisms that determine the efficiency of- !
recipitation release in the ¢ -
: . . coastal zone and at '
investigations on this topi O moqels parare
.one . opic by use of numerical '
connection with conventi ' L onrecs are
_ ional d < a s .
S ata and new data sources are

Z. For envir - .

theI;;eZ?;izg??entai and economic reasons it is important that

: clek ation element, as a component i

is determined . . : in the water balance

wjthLz;fglﬁzzkozodn Operailonal basis. The main problem COHHECéed
- + ncerns the flow of data b :

border i o T a between the Baltic

o O;éiiijggzgtgiiiéaiFolb'here proposed that the feasibility of

. LWadc [ C1Oon 1 4 ) 3 PR
atthorities. is investigated by the relevant

Chaptexr ©

EVAPORATION FRCM THE BALTIC
Dieter Henning (FRG)

6.1. INTRODUCTION

The evaporation from the surface of the Baltic Sea and its
subbasins has bheen determined for true months (Januaries of 31

days, Februaries of 28.25 days. Marchs of 31 days and so on}.
Long~-term averages were calculated as well as the evaporation
heights for the individual months of the extended Pilot Study

vear (July 1975 - December 1977). For the nineteen months of May
1976 to November 1977 two different procedures to estimate the
Baltic evaporation could be applied: the pulk aerodynamic method
(BAM) and the aerological method. The availability of aerological
data during this period was the reason for extending the Pilot Study
Vear (PSY) by twelve nmonths as far as the "atmospheric components”
of the Baltic Sea water budget were concerned. Utilization of
aerological data for +he determination of areal means of evapora-
tion also regquires the availability of the respective precipitation
data; these were provided by the gwedish Meteorological and
iydrological Institute.

6.2. THE DATA

6.7.1. Bulk aerodynamic method (BAM)

P

The surface data needed for application of the BAM - sga-suriace
temperature (ssT), wind speed, and moisture content of the air at

a certain level, characteristically 10 m - date from the years

1862 - 1978. (Quasi=-)decal means of evaporation were calculated

for the periods 1948 - 1960, 1961 - 1970 and 1971 - 1978. Also,

the overall monthly averages were determined by utilizing the

total number of nearly 200,000 data sets: these averages are
considered as the best approximations of long-term oY climatological
mean values of the Baltic evaporation attainable at present.

the surface data of 18672 - June 1975 came from the archives of
the Seewetteramt, Hamburg, of the Deutscher Wetterdienst. They
represent measurements carried out aboard "ships of opportunity”
(Friehe and Schmitt 1976), the light-vessel Fehmarnbelt (1968-
1972) as well as along the iighthouse Kiel (1968-1972} .

Por the extended PSY, a special observational programme could be
launched successfully; theréfore 75 percent of the suitable data
(compare Table 6.1} date from this period. Bach of the Baltic countries




took part in this programme in one way oy another. The data came
from ships of opportunity (merchant ships, ferries, warships),
regsearch vessels, ilcebreakers, the light-vessel Fehmarnbelt, and
the lighthouse Kiel., In addition, the observations of 2Z to 27
metecrological stations on islands or at the coast were made
available by the Finnish and Swedish meteorological or/and
hvdrological services. In these cases, SST was estimated from
hydrographic charts (showing S8T distributions and ice phenomena)
issued by the Institute for Marine Research, Helsinki, in winter
and by the Swedish Meteorological and Hydrelogical Institute
throughout the vear. 88T was estimated from these maps, too,

Table 6.1. Number of surface data sets available
for application ©of the BAM

1647%) : 2732 *) actually, only 2§ years were

1662 ~

1248 —- 1960C: 8988 data-years

1961 - 1970 200673

1971 - 1975,6: 12539

1875/,7 - 1977;12: 149717%%) *%) about egual to an average of

1978 5467 120 data sgets for an area ol
100000 km* during an individual

1862 ~ 1978: 199566 monrtth

in case that it was the only indispensable guantity missing in
a ship's report. For the Gulf of Bothnia, measurements from

coastal and island stations represent the majority of observations.

It is believed that the results for the PSY do not suffer from any
systenatic errors by the utilization of these land-born
observations to which no ceorrections were applied.

The data from the Hamburg ©Seewetteramt had been routinely error-
checked. Additionally, all the data - PSY or historical ~ were
once more comprehensively checked before processing. Brroneous
data were corrected if possible in some way, otherwise they were
deleted,

6.2.2. Aerclogical method

By the aerological method, the water wvapour budget of the air
above a polvgeonal area very similar to that of the Baltic - or
any of its subbasins - had to be determined month by month.

The data needed for this are the horizontal wind components and
atmospheric humidity and pressure at the "standard levels" and
"significant points" above the radiosonde stations of northexrn
anc¢ north-central Turcpe up to 4060 mbar. These data are normally
available twice a day. They were received via the centralecifice
of the Deutscher Wetterdienst in Offenbach on Main and were
processed by a working group in Kiel of which Prof. F. Defant ')
was

1) cf. Defant (1985)

~51—

the principal investigator. Sophisticated routines were developed
by this group in order to eliminate erroneous observations. The
drawbacks inherent to aerological observations with respect to
large-scale flow investigations - time interval between two
ascgnts as large as twelve hours, different moisture measuring
equlpment on different radiosonde types, horizontal drift of the
§adiosondes with strong winds - were considered to be of minor
importance.

6.3. PROCEDURES

6.3.7. Bulk aerodynamic method (BAM)

The BQM is characterized by the bulk transfer equations. The
equation for the vertical flux of water vapour = or evaporation
I - reads

E = S a‘;)(qS - q) v (6.1)

whgre Cp Is water vapour transfer coefficient, % the density of
moist air, q_, ¢ specific humidities of "air in contact with salt
water” (Bunkér 1976) and at a standard height assumed to be 10 m,
and v wind speed at 10 m. Equation {6.1) means that the evaporation
from an (extended) body of water is simply proportional to the
prqduct‘of the vertical slopes or gradients of specific humidity
and wind speed. At the surface, wind speed is assumed not %o
differ from the amount of the given current velocity (v = 0),

and the humidity g . can be calculated as a function of the

surface temperaturé t_. The specific humidity g at 10 m is computed
from the dry and wet Bulb temperatures there.

Questions to be decided in applying equation (6.1) are a) selection
of the transfer coefficient Co: and b} the question whether the
equation is to be applied to fean or to individual, or
instantaneous, values of (q_ - g) and v, respectively. While in
most of the numerous investigations in which use was made of the
BAM, long-term monthly mean values of oceanic evaporation were
cal;ulated by applying long-term monthly averages of specific
humidity and wind speed (compare, e.g., Hastenrath and Lamb 1978,
1879), here the evaporation from the Baltic was estimated by
calculating instantaneous values of E from individual, simulta-
neously measured values of q , q and v. This, of course, excluded
any opservation from the evaluation in which even one of these
quantities was missing. The long-term monthly mean values of E
were_then determined by arithmetically averaging all values of ¥
found for a given area. In doing so, a recommendation of Britton
et al. (1976) was observed. Recently, oceanwide investigations

on water vapour and heat exchange have been carried out in the
same way (Bunker 1976; compare also Bunker and Worthington 1976,
Weare et al. 1980, 1981 and Esbensen and Kushnir 1981).




the transfer coefficient ¢, is known to be dependent on wind
speed and density stratification {thermodynamic (in}stabllity)

of the air above the sea surface (compare, e.g., Dearvdorfi 1%68).
Nevertheless, when operating with time-averaged values of .. o : Table 6.2

and v, gormally a cogstant value of ¢y somewhere between aboul

1.0 1072 and 2.0 1077 is applied. When applving equation (6.1} to : i

individual data sets it beggmes approprig}ie% hczweger,. also ©o : Relative ice cover on the Baltic Sea during the extended PSY Percentage of
utilize variable transfer coefficients <p; otherwise the gain of
information obtained from using individual observations would not ' i . »

be fully exploited. From a thorough evaluation of previous : Helsinki, and Swedish Meteorological and Hydrological Institute.
scientific experiments combined with the theoretical findings of
Deardorff (1968), Bunker (13876} tabulated cp-values for different

subbasin-areas as estimated from the ice charts of Tnstitute for Marine Research,

wind speeds and vertical temperature differences t,. - t% ft?mz Subbasin Winter Month
temperature in 10 m height). In the present investigation ¢, ~values N D J F M A M
were chosen according to hig table with minor medifications. :
¢ ) 1. Botlnian Bay 1975-1976 0 13.3  65.7 92.0 92.4 78.7 25.8
Arithmetic averages of monthly evaporation were calculated for 1976-1977 10.5 22.8 63.5 99.3  92.7 87.7 33.6
each i-degree latitude-~longitude field. Mean values for the
subbasins were then calculated by double-weighted averaging of 1977 1.2 21.7
theseo?oufield nean values. The number of available observations Mean 3.9 19.3 64.6 95.6 92.6 83.2 29.7
per 1 -field and month (up to a maximum of 248 observationsg for : i
an individual month of the PSY) as well as the areas of these
fields were taken as weights. To obtain areal averages for the 5. Bothnian Sea 1975-1976 ) 0 11.1 28.5 54 19.3 4
entive Baltic, singleweighted averages of the subbasin-means were : ’ 5 53.9  60.4 20.1 1.4
determined, using the subbagin-areas as weights. This means that ' 19761977 0 12. . . . .
the subbasin-averages of evaporatlion were considered as egually ' 1977 0 1.4
representative independent of the numbers of observations on which - 19.7 9
they were based. This principle was observed also in case of the f Mean 0 .6 11.8 4.2 57.2 )
EBaltic Proper (BP) when the BP—avgrages were calculated Lrom those
of the BPN (BP North; north of 57°N), BPC {BP Cental; south of : _ 0
57°N and east of 150E) and BPW (BP West; wegst of TSOE)O This _ 3. Gulf of Finland 1975-1976 0 1.3 42.6 81.4 85.3 48.0
subdivision was introduced in order not to exceed subbasin-areas ' 1976=1977 0 .4 56.6 97.8 85.6 50.9 3
of 100,000 km2, and thus to make hetter allowance for regional
differences. 1977 0 10.7
Mean 0 .8 49.6 89.6 85.4 49.4 .2
In crder to get realistic subbasin-averages of evapcoration during
the winter months, the extent of an ice cover had to he taken
into account. Because practically no observations becane 4. Gulf of Riga 1975-1976 0 8.6 70.3 73.3 29.0
available from ice-covered parts of the Baltic, their evaporation ' 0 21.1  82.1  79.7 12.4
was supposed to be zero. From the Finnish and Swedish ice charts 1976-1977 0 . . . .
already mentioned, monthly averages of the areas covered by ice 1977 0 1.
were estimated for each subbasin and each month of the extended 0
P3SY. The subbasin evaporation heights were calculated by : Mean 0 .5 14.8  76.2 76.5 20.3
multiplying the evaporation heights estimated for the ice-free
parts of the respective subbasins with the ratiocs of the ice- _ 1.7 7.9 5.0 1.6
free to the total subbasin~areas. The relative areas Ffound : Baltic Proper 19751976 0 . : ) :
covered by ilce are given in Table 6.2, As a measure of emergancy, North 1976-1977 0 0 2.6 9,0
the two- to three~year ice-cover averages were used in estimating ) 0 0 5 8.4 5.9 1.9 0
the (guasi-)decadal and long-term mean evaporation heights for Mean ’ ' ‘
the respective months and subbasins.
Baltic Proper 1975-1976 0 0 1.4 5.0 3. 0 0
: y 1 Central 1976-1977 0 0 3.7 4.6 1. 0 0
6.3.2. Rerolcgical method Mean 0 0 2.6 4.8 9. 0 0
Baltic Proper 1975-1976 0 0 .6 3.3 0 0 0
Determination of the vertical water balance at the surface of a Wast 1976-1977 0 0 3.0 .7 0 0 0
given area by utilization of aerxclogical data has been described 0
Mean 0 0 1.8 2.0 0 0
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in more or less detail e.g. by Palmén and Sdderman (1966), £ S, 8m_  €e S S S ey S S S |
Rasmusson (1977), Alestalo and Savijdrvi (1977) or Alestalo and 5o Re® FFES gk g58  gph 298 85% 9% g8
Holopainen (1980). Defant (1985) gives a detailed description & ‘ :
of the work within the IHP-project to determine this difference 8 ;
over the Baltic for the period May 1976 to November 1977. In & :
order to overcome the drawbacks of large spacing of the aerological 2] )
stations and large intervals between two radiosonde-ascents g v 2
compared to the extent and configuration of the Baltic, Defant ggfg &
hand~analysed the maps of the monthly averages of the zonal and gz ga =
meridional components of the vertically integrated water vapour ° Lo
flux over northern and north-central Eurcpe. From these maps he 25 L
plotted the filux components for the central points of the sections %?Rpu g
{of 110 km length) of a polygon fitted to the Baltic coastline HE228 ” \
and the open-gea borderline. The subbasins were treated corre- ) é
spondinglily. Summation of the resultants of the flux components at %gig e
each section then led to the differences of evaporation minus R ~ee
precipitation for the entire Baltic or its subbasins for a given %
month. oo i
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Selected results of previous investigations together with the ﬁE ES,~ gmm Se_ goq gwm Sw, wWn,  &e_
climatological figures obtained by the present evaluation are BE I HT T 88 2r&E GRER  &E8  RREKR  8ET  ERES '
shown in Table 6.3. In order to achieve maximum conparableness, ag s gm
all data are carefully related to relevant subbasins according to ?; goaa e
the present IHP~investigation. b g z "
78 | Do -
As for the Baltic without Kattegat and without Beltsea, the ~E§ %% & c 8 2 o g cod i%
findings concerning the estimated mean annual amount of evaporation BT 0y ~ LK B
have changed only slightly since 1918. The continued repetition FEREE33a 5 LoLE gg
of the 200 mm/year given by Spethmann (1912) is justified: HE _‘i““" - mé’
Spethmann relying on the data of Witting (1908} for the Bothnian R T
Bay {200 mm/year) and the Bothnian Sea (190 mm/year), assures that i& §m. ; ;‘ B
he did not expect any significant local change of the annual vy §$§§ S ! 5% §g
evaporation across the Baltic. gAY é ) C Eg B
’ﬁ‘é }'chnoi)m gm o) m .«%\m go éN ‘\BNW F:'E Eg
From Brogmus (1952) - whose investigation has to be taken as the %Ei 8% Tad gef 5eE S3% S8B  Hek : §3§ n%
forerunner of the present study - always two series of results are Vg i';§_§h
gquoted in Table 6.3. The smaller figures represent Brogmus §$lém o o o 5y &
original results - which are directly comparable to those Tk g 8 S g g g S = S1 ga §%
presented here - while the higher values are those normally quoted. St 1w g 2 T 3
The latter however, form a compromise between the results found by o g ggég Ag, da, - gé
application of the Sverdrup apprcoach and the data of Witting %é FT22 S8 WSR2 S “é
(1918): they were obtained by a water buddet approach which was bg iw ge Em
based on the data of net outflow through the Danish Straits given ER %g _ - 2 é@ %%
by J.P. Jacobsen (1936). These outflow data, however had been Eg |27 ‘ a T lowg gﬁ
adjusted to Witting's evaporation figures. gg E E E E Ew @ E& me Ew Ew é'éé §%
> 97,87 Bsr 9t 4Rl e 1 %81 81 git | By i3
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?SY and, partly, 1978, as calculated by application of the bull aerixly
method in mm/month. {Maximum values underlinad)

6.4.2. Long-term averages by application of BAM

Subbasin ear T IT IIL TV V. __ VI VIT VIIL T X XL R
The long-term monthly averages of the Baltic evaporation P PR av tT5 31.8
evaluated for different time period are presented in Main Tables Lt BOJ“”dn}&“'Iqj 4 5.0 4.2 5.6 4.2 201 31.7
7 and 8. The figures for the guasi-decades 1948 to 1970 might, in i ALS 0.5 4.6 3.9 6.0 21.6 32.1
the light of the numbers of ochservations of Table 6.2, appear to ‘
be of doubtful reliability. Nevertheless, their presentation in ﬁ 2.Bothnia Sea 70 28.6
Main Table 8 was thought to be useful in order to give an idea L et

. 64,0 24.1 18.7 14.0 6.4 211 3?v§
7 30.8 21.4 9.9 9.2 9.3 5.0 297
1

of their differences from the climatological averages of Main f '
I8 47.60 39,2 ~5.T 5.1 16.9 11.4 14.2

Table 7 or, vice versa, of the degree by which they contribute
to these averages. Indeed, the totals for the entire Baltic only
vary between 491 and 519 mm/vear or 203.8 and 215.4 km3/year for

3. CGulf of s ‘ 16.2

1948-1960 and 1971~1978, respectively. Tinland 76 28.9 2.4 6.9 6.6 7.5 21.0 32.
ﬂ ) 77 12.1 0 530 -1.1 3.1 18.8

A special feature of the Baltic evaporation is the occurrence of : .
two maxima which are normally observed in September and in 4. Gulf of Riga '75 o le
November/December. Only for the period 1961~1970 just the ? 76 59.2 9.2 28.0 7.6 10,7 23.2 3?'2
December-maximum exists which then is especially marked. Witting : ' 77 23.9 7.4 1.0 2.3 8.3 314 3.2
{1918} too, found two maxima, occurring in August and November, & 296
while Brogmus (1952) and Strokina (1956) just traced the November- . maltic Proper ‘75 . S 130 9.3 14.7 43'3
maximum. The main reason for intense evaporation in August and/or North o 76 f1-3 30.8 42.2 ’?6“ 8-7 ?3'1 37'7
SeplLember is a relatively strong vertical humidity difference at North of 57N  '77  33.9 59,6 8.0 6. ; 1é . éb% e
high temperatures, while evaporation maxima in November and/or 78 55.3 58.9 26.8 17. . 4
December are caused essentially by high wind speeds. The minima o 33,6 93.3 79.4 069.6 B9.5 91.4
of the Baltic evaporation occur mainly in April or May; only in - Baltic Proper i S 08 7 40.6 13.4 17.2 11.1 48.7 5309 116.0 134.1 42.8 7.6
the Beltsea, Kattegat and the Bothnian Bay are they observed . Central/south fﬁ 69.0 ég-é 6. 335 114 26.8 52.7 65.3 117.0 6.5 96.4 60.0
already in March or February, on the average {compare Maln Table 7). ; g;silﬁ ??ﬁa rgé zl:g o 5 20:1 26.5 26:3 271 6.6 79.2 HES - - -

In the Bothnian Sea and the Baltic Proper, the half-year period

C evie Proper 175 37.3 55.6 93.2 83.8 94.9 5.5
of maximum evaporation is that of August to January. This is o mallde PRoper 0 o4 27.2 22,9 13.5 13.2 15.4 75.5 49.0 98.2 98,5 50.0 7i.0
true also for the entire Baltic, while in all the small subbasins : *f%;ﬂm”t(k ,;5 1527 {5:5 8.1 10.7 12.0 29.1 52.1 44.9 111§141 0 ?H 561.9
(the small western part of the Baltic Proper included) July to : = . 78 48]3 9.4 11.9 17.9 16.6 43.2 51.6 62.9 H37 35.8 81.2 50.0
December show this characteristic. The evaporative water loss of . , 93 1 89,3 80
the entire Baltic from August to January - for 1862~1978 - amounts : 5 paltic Proper’ 75 28.5 ?04 b2f¥ {;%9 = &N))
to 74.1% of its annual value, while the corresponding figure for 5; "6 68.1 29.4 38.9 13.3 13.4 13.1 50.0 54 g ggz e 75 SO
July to December is 73.1%. The Bothnian Bay is the only subbasin 5 77 30,9 31.6 16.1 5.4 10.4 25.6 %%,g g; : gﬁ“%‘n ’ ‘
where -~ during 1862-1978 - the loss of water to the atmosphere he 47,9 46.3 21.8 19.0 20,9 26.3 33.° -
during the month of maximum evaporation exceeds 20% of the mean i 644 S6.4 98.2 90.7 5.8 37.9
annual evaporation. 6. banish e 419 147 19.6 23.1 17.1 37.5 116.9 61.8 §5.9 70.0 38.6 S6.7

Srratts 9 loh 1005 4.8 18.2 20.1 42.1 0.8 44.8 97.4 31.8 750 33.4

Ve sas .8 7.7 25,4 147 71.7 68.4 79.9 B85 50.1 57.3 905

6.4.3. Evaporation during the extended Pilot Study Year ) N N - 70,2 78.1 103.9 57.2 67.8 gg.?

I ket e 8.6 7.0 14.6 26.3 19.7 44.7 50.6 46.9 T8.3 50.8 4.1 55.7

~ a o 0Ta 9.4 8.5 23.5 27.4 40.5 51.6 35.0 811 23.0 51.8 2.5

The monthly amounts of evaporation for the extended PSY as E ' . - 57 g 8.7 72.4 73.2 6.7 B804

determined by application of the BAM are given in Table 6.4 Total Baltic '75 e o - 8.4 11.9 10.4 16.6 436 52.7 97.2 104.0 40.6 G7.2

‘(heights in mm) and the semi-annual and annual evaporation o =T :’6 ?3j3 23.4 ?1'5 54 9 0 53 7 37.4 49,1 90.4 AGT4T 63,4 57.0

heights in Table 6.5. Analysis of the evaporation data shows that ; 7T2n.S 22,8 2 ) h A

the extension of the PSY until the end of 1977 as far as the a Lo L me . 29.8 77.6 0 737 1401 167 78L2

"atmospheric water budget" is concerned turned out to be very 5 '%ﬁ“ll%ﬁtu? ‘éﬁ s8.6 22.9 27.9 12.5 10.7 17.7 47.4 53.2 96.6 102.2 40,5 66.7

fortunate. The atmospheric and hydrographic conditions relevant ; ! ,7; ;6-6 29 1 196 6.0 9.6 24.6 39.1 4B8.9 90.7 39.9 4.0 56.d
for the Baltic evaporation during 18977 were extremely different ~ o N

from those during 1976. More precisely, the : e 1o ?GFE fﬁ-j
§ 95,6 99.5 19,7 806.1
2 90,2 359.0 63.3 547

S roqo oty ' Total Raltic "5 31.9 77,4
conditions existed during the twelve-months periods starting : otal Paltic S - " . 12 19 are EE
v 25.% 21.6 11.4 7.0 10.6 25.5 39.8 48..
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Table 6.5

Six-months totals of the evaporation from the Baltic in mm.
(Maximum values underiined)

Subbasin Low-evaporation High-evaporation
half-year: Jan.-June half-year: July-December
1976 1977 1978 1975 1976 1977 1978

1. Bothnian Bay 66,5 51,2 - 344.2 298.8 2062.4 -

2. Bothnian Sea 149.3 95.6  125.0 384.9 355.8 280.4  328.1

3. Gulf of Finland _83.3 48.7 - 276.7  316.7 241.9 -

4, Gulf of Riga 137.8 74.3 - 467.6 391.9 328.4 -
Baltic Proper North  181.3  129.3 195.2  430.7 448.2 327.3  398.5
Baltic Proper Central 179.9  118.5 174.7  456.7 467.1  438.2 -~
Baltic Proper West 146.9 95.7 167.3  440.3  442.3 403.4  431.1

5. Baltic Proper 176.1 119.9  182.3  443.8 456.0 387.7 -

6. Danish Straits 147.0  105.8 185.7  423.2 429.8 353.3  434.9
7. Kattegat 150.8  118.1 = 426.1  306.4  268.1 -
Total Baltic -6-7 150.6  100.3 - 409.4  405.3  338.3 -
Total Baltic -7 150.4 100.5 - 410.1  406.6  339.1 -
Total Baltic 150.4 101.% - 411.0  401.2 335.3 -
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November 1975 and November 1976, respectively. This is especially
true for the Gulf of Finland and the Baltic Proper. For the entire
Baltic, from November 1976 until October 1977, the evaporative
water loss amounted to oniy 70 percent of that of the preceding
twelve-months period. This gives evidence that the evaporation

of even the entire Baltic may deviate, in each direction, by

about 25 % from its long-term average - which is a

considerable amount for a conservative quantity like wmarine
evaporation, The exitreme twelve-months totals are 713 mm (November
1975 =~ October 1976) for the central or southeastern part of
Baltic Proper, and 282z mm for the period November 1976 ~ October
1977 for the Gulf of Finland.

In many cases, the differences between the monthly evaporation
totals are likewise conspicucus, compare in particular the months
of August, October and November of 1975 to 1977 {(1978) in Table
6.4, In October 1977 the evaporative water loss of the entire
Baltic amounted to only 39.2% of that of October 1976;

the corresponding figures for the Baltic Proper and the Guif

of Finland are 34.6 % and 30.5 %, respectively. For November,
the conditions are similar: for August, the evaporation

was extremely variable in the Bothnian Bay and Kattegat. Also,
the low-evaporation half-year {(January to June) of 1977 con-
tributed considerably to the evaporation deficit of that year,
compare Table 6.5; during the first six monthsg of 1977, the
evaporation from the entire Baltic amcunted to just 67.5 percent
of that of the preceding "winter half-year", and for the Gulf

of Riga this ratio came up with mere 53.9%.

The most conspicuous evaporation changes during consecutive
months took place between August 1976 and January 1977: 53, 96,
100, 40, 66 and 26 mm were the evaporation heights of the entire
Baltic during these months (see Table 6.4). So, Tables 6.4 and

6.5 demonstrate in particular the unexpectedly (?) high intra-

as well as interannual variability of the Baltic evaporation.

Evaporation from the Baltic and precipitation on to the surface
of this sea show about contrary lapses in time. While, for the
entire Baltic, summer evaporation {(July to December) was
decreasing continuously from 1975 to 1977, summer-precipitation,
indeed, was increasing from year to year during that time.

There was found some evidence that 30-day totals of both
gquantities would be significantly correlated if a time-lag of
about 10 to 15 days (with precipitation preceding evaporation)
would be taken into account.

A sharpening of the sense of magnitudes with respect to the
Baltic water budget might be achieved by the following comparison:
The month of wminimum evaporation during the extended PSY was
april 1877 when the evaporative water loss of the entire Baltic
amounted to 2.8% km” only. Vice versa, October 1976 was the

month with the most intense evaporation during the PSY. The Gulfs
of I"inland and Riga, the Baltic Proper and the entire Baltic,
too, then suffered from their strongest evaporative water losses.
During this month, the Gulf of Riga came up with an evaporation
of 2.07 km3 or 71.4% of the evaporation of the entire Baltic

six months later.
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i mates for the li.lot Study Year achieved by the 9 H e T h o oM Oh S O OO
aerological method | har g © O\.LF;CD'OTr:O\.f‘i\]N oéwjéé?wm
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The figures found by means of the aerological method are compiled - = Ol O ew0o M gooa®mnin
in Table 6.6 column (1). Columns (2) and (3) always show the o5 8l SRS Cadoe Toaltddaa
deviations - in absolute and relative values - from the results e G4y — i i |
which were derived from the surface.dgtg, The millimeter-values i g 3 00O 0w o
of columns (1) were calculated by division of the water vapour 0 2oL Enanesan S O
divergences by its respective polygon areas {and not by the 41 g s :gggmggggg §T$TT$TCI\H}4
"true" areas according to EBhlin and Mattisson, 1976). o 2 9
0 @
_ 0 0
Table 6.6 1s very encouraging. For the entire Baltic, the relative B @
d:i;ffglfez?ce (c_olumns (.3)) be_tWeen the two types of results exceeds L{E{,&E i N D O e O e OB OO ML~
5%, by amount, only in four months: July, November 1976, . g9 A woo AN e A B
June, August 1977. In all cases, these "large" percentage figures @, N et U |
are caused by small values of the differences between the re- %g -~ NS
spective evaporation and precipitation heights. In absolute Ny Ho L9 9 Taa aEnan e
values, the difference (8-P)_ - (E~P) {(column (2)) for the entire 88 ol QYo rm—owe - TANNMOOO -
Baltic never exceeds 1.7 mm. During nine of the nineteen months, e L8502
the rc}ti_c? ((E"P)a ~ {E=P)}/{E~P) is, for the entire Baltic, less rng % ra""}‘ﬁzojoov_mmoo >§*‘_Lﬂ_<3jom"]00_
than 2.5%, with absolute differences of 1.0 mm or less. £ o OB TACnYon BNMRme s me
—= g gl -/ R =% O I O S I A Y
Relative differences (columns (3}) of more than 10% are 50 ﬁ g
only observed - with one exception {Bothnian Sea, May 1976} =~ as 2 fg'
in the small subbasins: in 12 months in the Gulf or Riga, 8 . . r8
months in the Beltsea, 5 months in the Kattegat, and during one a8 M S N 0o MO N 0T A
month in the Bothnian Bay. Apparently, the aerolegical mefhod ‘-’-% W T Q8 eernoaac DT O N
looses some of its power for areas of less than 40,000 km®. £y g 4
Arithmetic averaging of the amounts of the relative deviations 'jj% u‘j &“: LY o O = e L §wo‘\wm<ﬂoh
given in columns (3) of Table 6.6 yields 1.21% for the Baltic ﬁgm 0 < Jvloerdscsacs ‘—Nc\]cé:'s:ciéoi‘—'
Proper, 3.72% for the Bothnian Bay, 4.49% for the Bothnian Sea, SE & : o H
4.76% for the Gulf of Finland, 7.92% for the Kattegat, 9.28% for 88 B 5 ;mq‘mmm\omw %m o)
the Gulf of Riga, 11.21% for the Beltsea, and 4.42% for the Baltic £ ?} 0 ogisggeid 3 SOTMAaT S
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Further, it can be seen from Table 6.6 that during 17 of the 19 gﬁlq gf; =g
months under consideration the aerological data produce somewhat @“’ '\,_‘ g; oY O OO N~ - e~
larger ~ or less negative - differences of evaporation minus 8 g 9 B cNomdeeo IR i
precipitation for the entire Baltic than the surface data 59 o T = 1 b ! '
{(exceptions: May and August 1977). This means - the aerological Teo a8y 2
method supposed to be immaculate - that either the BAM yields g4 é‘ g O A e Eana oo
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and corrections of the precipitation data resulted in somewhat oz w&m g 20
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o~ that the analyses are carried out with the same carefulness
Moo gaean NS TN % as that observed when the PSY-data were processed. Here, the
DT eNreTee oFTITTIRNR prominent point concerning the aerological method seems to be
that the moisture fluxes were determined - from hand-analysed
BN e O ] MmN Qo= o maps (!) - across the sections of polygons which were skilfully
ARl dnomaos g;c;?‘?ﬁ"?'TQD? fitted to the coast- and bordering lines of the Baltic and its
= o : r T subbasing - instead of across polygon edges which just represent
ﬂc3r~®<Vr~ﬂlﬁ\9 “r\ﬂ)mfwuﬁq(ynj the connecting lines between existing aerological stations.
O~ N e R -
Y o &)} ' : . . ' . . '
TEHRYRYTY TR gRYVeIoTT Also, the experiences gained by this investigation give rise to
the conjecture that the components of the "atmospheric water
: budget” of the Baltic Sea could be successfully estimated for
: periods of less than a month, e.g., for ten days or a week.
N@o=mafas  guaounmae g@neg Do @
L R LV é 'q)mc38c0r- MR A After all, the evaporation data estimated for the PSY may claim
g - 3 r . r 4 el ]
! : ‘ - a certain reliability: this is especially supported by the
~ figures of Table 6.6. In fact, the accuracy of the evaporation
QNN OOy VD O ™M — O N : :
_mEsaaaaen gttp%pidrAvfd 2l s Cme data for the PSY for at least the Baltic in total and the large
NZP @ — oo % R % LT ol subbasins - Baltic Proper and the Bothnian Sea - may be assumed
= i .to arrive at about plus or minus five percent.
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cEHyaOTemoq Sgrewoeyy QYT TY T Notwithstanding the importance of efforts to determine the
— — t i . K , A
=l 1 Baltic evaporation with a high degﬁee of accuracy, it should be
realized, however, that the 233 km~ of water which evaporated
from the Baltic from July 1975 until June 1976 represent not so
5 60 O — &5 (1 O D N~ O - 10 e @ @ much as five percentoof the water r;leased to the atmosphere by
— BCIDTRE R IRI R JRAMS G the ocean hetween 55N and 65 N during an average vyear (see
S i <o e Baumgartner and Reichel, 1975).
= ~
A e emdmmo M- oM oo —loTaNeQwo
vg,l | ] PN iy
oy O — o] WOO\'F@O‘) [o)] 8 o <P O ™~
a(\icaq:..--. [0} TR T N e B qutﬂ;u;(x;omoa.ﬁ
— No\wwor_mm mq-l‘--m . 'mﬁ' . 4 » +
1 [0} I IR Ta RN MR T AR A
:lﬁt?ﬁ_?'v'Tﬁ"? h é‘TT‘T‘T. T PN i L
K]
[ IRa] <
L s Wil s T T QN IRT o I o <P O [~ \O . o e 0N 0O -l“:OC:(\it:r:
— & e e s e e s L N c;-q::r\’;gooomm
o proder s P e T T A AT S
~ o
N R Rt T S D D e D D S i
Aolnco—omuwo et — OO N— QO OWn -
— i 1 oo [ Y P
[~
[‘*—..
g @ 0 % o0
goywnen e TN NN cn® B0 = @ e 0o
— 10 W0 N O W N OOy e
SR NREN! [e)} ™ Qle— <+ O NWYWW O
Cl@rr?‘?‘r‘ﬁﬁ’?‘P JPYTYTETY dlNeT T nhnoeaw
o e G @
u
R o Rt
g EBERBhe F85887% F87 850 |
P g4
3] By B o B P T
© B B Hww Py 5 8w I
o BEvvggh,  Ad8Bogh  298%gsh
5 4 PP R %i%tww4p-d4J
< BRmuifdl FAauiand guunonid
4 QREFEZSE RRBBRELEE ARGEEAALs
8l S hk<ned IR R S




-

Chapter 7.

VARIATIONS OF MEAN LEVEL AND WATER VOLUME OF THE BALTIC SEA
N.N. Lazarenko (USSR}

7.7, EARLIER STUDIES

Systematic investigations of mean sea levels in the Baltic were
initiated early in the 19th century for various purposes (sea
port projects, hydrographic surveys, studies of recent coastal
vertical movements (RCVM), selection of gauge datum for a
highly accurate adjustment of the national networks in the
Baltic countries, selection of depth datum for sea charts, etc.)

In a fundamental monograph, Rudovits (1917) presented a detailed
analysis of the Russilan tide—~gauge and mareograph network
operation; a first attempt to analyse homogeneity of data on

sea levels; and computed mean level for some of the gauges.

Among other scientists who investigated mean levels of the

Baltic Sea are Blomgvist and Rengvist (1914}, Madsen (1914),
Bergsten (1925), Hela (1944, 1947), and Lisitzin (1953), Particular
attention should be paid to the work of R. Witting (1918, 1945).

He was the first to substantiate and evaluate the surface slope

of the mean Baltic Sea level; he prepared one of the first maps

of the recent movements of the sea shoreg, and he tried to

combine the heights of the Baltic levelling polygon (BLP) with

the position of the mean sea-levael surface.

Mean sea level investigations made before worid War II showed
that the position of the surface of the mean sea level deviated
from the geoid of the Earth and changed its height in time.
Therefore, much efforts were concentrated around this problem
considering its particular practical and scientific importance.
In 1938-1940 the scientists of Leningrad collected data to
adjust the Baltic levelling polygon system, with the aim at
achieving a complete uniformity in sea-level records.

After World War II, work on the problem of the Baltic mean sea
level continued in the USSR.

At the first stage of this work the following was implemented
(Lazarenko, 1951):

- development of methodology for a reliable reduction of mean
annual levels of the entire system of sea-level gauges since
the start of observations till 1937 to complete uniformity

- compilation of the RCVM map of the Baltic Sea coast on the
pasis of observations before 1938, reduced to complete
uniformity
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- accu;a@e_geodetio adjustment of the BLP polygon system above
the initial gauge datum of the Kronstadt gauge by the dynamic
method (BLP, 1950) with the account of RCVM at the bench mark

gites during the organization of national levelling networks
in other countries

- compilation of the map of mean level position of the Baltic
Sea surface for 1901-1937.

?221?econd research stage included the following (Lazarenko,

- determination of mean daily, mean monthly and mean annual
levels oﬁ the Baltic Sea for 1901-1940 from the results of
observations at 26 level gauges reduced to complete uniformity

- comp;lgtion of monthly mean sea level maps both for average
conditions for the period 1901-1940 and for extreme conditions

- ipvestigations of the main peculiarities of sea-level fluctua-
tions in the Baltic.

An attempt was made to reduce sea-level records before and after
World War II to uniformity. This problem could, however, be
solved only for some of the level gauges because of the short
duration of post~war observation at that time.

7.2 IHP PROJECT ACTIVITIES

@he thir@ stage which tock place within the framework of the
international project on the water balance of the Baltic Sea
had the following main results:

~ gsea=level records before and after World War II
: wer r
toe uniformity ® produced

- the.RCVM map for the Baltic Sea coast was compiled on the
basis of uniform level records

- mean monthly and mean annual sea levels and water volume
increments for the five subbasins and for the Baltic as a
whole were determined for the historic period (1951 - June
1975) and for the Pilot Study Year (June 1975 - December 1976)

mean daily levels and water volume increments w i
/ ere determined
for the Pilot Study Year (July 1975 - December 1976).
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7.3 SEA~LEVEL OBSERVATIONS OF THE BALTIC

The network of sea-level gauges in the Baltic is older and of

a higher density than any other network of the World Ocean: by

1 Januaxry 1977, 110 level gauges were under operation, out of
which 68 sites were equipped with marecgraphs, while tide gauges
were installed at the rest of the sites. Data are available on

8 level gauges for 1804~1811. ¥For 20 level gauges data are
available for 80-100 vears.

The oldest ssa-~level gauges in the Baltic are: Kronshtadt,
Tallinn, Klaipeda, Baltyisk, Nowyport, Kolobrzeg, Swinoujscie
and Stockholm. Before 1869, sea levels were observed by tide-
gauges only. In 1869, the first observations were made by a
marecgraph in Swincujscie. The equipment ©of measuring sites
with mareographs was most intensive in 1880-19200 and 1220~1940.
In 1940, 60 gites with mareographs were in operation, In 1950,
there were 48 mareographs only, while in 1970 the number of
marecgraphs installed exceeded 68.

During World War I, and in particular Worlid War II, many level
gauges in the area of hostilities did not operate. Gaps in the
observation series of such gauges were 4-6 vears or even longer.
In sconme cases gauges and benchmarks were destroyved and previous
level records were lost. Hostilities and intensive ground water
pumpage at the sites of level gauges in the post-war period

{for example, in Tallinn) explain a disturbance in permanent
bench-nark heights and cause great difficulties in the level
records reduction to uniformity.

Fig. 7.1. shows the base network of level gauges with mareographs
used to determine mean sea levels for the period 1951-1976.

7.4. REDUCTION OF SEA-LEVEL RECORDS TO UNIFORMITY

The reliability of sea-level results and in particular mean
position of the sea~level, depends on the degree of uniformity
in the basic records. Therefore,; parxticular attention has been
paid to the problem of reducing the basic data to uniformity.
By this operation, maximum accuracy is provided for the
comparison of level records of any gauge, and any cbservation
period. Completely uniform records on sea levels have to
gsatlsfy the following conditions:

1 - cbhservations made at the same time and dates

2 - no errors observed during observations and processing

3 ~ records reduced to a single epoch with the accuracy
required

4 - records taken from the single zero point of the heights
of national Jlevelling networks strictly adjusted by the
dynamic method.
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The reduction of sea level data to uniformity is made in a
strict and definite sequence, with every subsequent‘stage of
the work closely related to the results of the previous stage.

At the start of the research, the problem was considered to
satisfy the first uniformity condition - i.e. proper reduction

of the basic records to uniform time and date. In the next step,
the reduced records were analysed to satisfy the second uniformity
condition, i.e. to eliminate observation and data processing
errors and to reduce to uniform height datums during the
observation period.

The third condition of uniformity - i.e. to reduce level records
to a single epoch - could be satisfied only by the use of re-
cords which satisfied the first and the second conditions of
uniformity. In the opposite case there might be errors in deter-
mining RCVM from the basic level records non-reduced to the
first and the second conditions of uniformity.

The fourth condition of uniformity was satisfied on the basis
of the Baltic levelling polygon operation (BLP, 1950).

For details of the reduction procedure inline withlthese four
conditions, the leader is referred to the main project report on
this element of the water balance (Lazarenko 1980).

The accuracy of data reduction to complete uniformity may be
evaluated from mean root-square error I by the following
equation:

5 |

o T I, 2 iL 2 2 2,
m,o= (my) " + (W)™ o+ (my) =+ (msy) (my) (7.1)
where: m? -~ accuracy of initial data reduction to uniform time;
m?I— accuracy of reduction to uniform dates;
m, - accuracy of excluding errors of observation and

processing and reduction to a single height of every
gauge datum;

my -~ accuracy of reduction to a single epoch;

m. - accuracy of bench mark height reduction to thg
4 single initial datum of the Kronshtadt gauge in the
BLP system (1950)

Table 7.1. gives mg values computed by equation (7.7).
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Table 7.1. Accuracy of data reduction

Accuracy of height determination

Levels in the BLP system, m,

I* I1* IIL*
At particular dates + 2-4 + 3-5 + 4-6
Mean daily for 6 dates + 1-3 + 2-4 + 2=5
Mean daily for 24 dates + 1-3 + 2-4 + 2-5
Mean monthly + 1-3 + 24 + 2=5
Mean annual + 1-2 + 1-2 + 1-3
Mean long term + 1-2 + -2 + 1-3

* T - helghts obtained by direct accurate levelling above bench
mark stations entering into BLP system;

II - heights obtained by levelling from the bench marks of the
BLP system by unclosed levelling lines of different lenght
(up to several dozens of kilometers, e.g. Hanko);

ITT - heights obtained by water levelling.

7.5 SEA ~LEVEL SURFACE

The methods of control and reduction provided completely uniform
sea-level data and made possible for a new trend in the research

on a sea=-level fluctuations - i.e. to study the dynamics of spatial
changes in the sea surface shape. ‘ )

7.5.1 BSea~level surface reliability

The reliability of maps of sea-level surface depends on a number
of factors:

- representativeness of level gauge location from the point of
view of the whole sea surface

peculiarities of basic forms of sea-~level surface fluctuations

- time of sea-level averaging for map compilation.

Level gauges in the Baltic Sea are mainly distributed along the
coast (Fig. 7.1) and they provide incoherent information on the
regime of level fluctuations in the open sea. The maximum
representativeness is provided by the observations on small
islands of the Aland archipelago, at the level gauges of Degerby,
Lemstrom, Kobbaklintar and Utd. It is reasonable to mention
observation sites at Bjorn, Landsort, dland-Norra~Udde, Draghdllan
and Karlskrona, located along the western (Swedish) coast on
small islands 5-20 km far from the continent, and the stations

at Kronshtadt, Gogland, Ristna, Jungfrusund, Hanko, Vilsandi,
Syrve, Ruhnu, Hel, Giedser and Korsdr located either on islands
or on peninsulas and shoals extending far off into the open sea,
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When observation records from other stations are used it isg
necessary to take into account some specific features of their
location. For example, stations in the river mouths may overesti-
mate water levels during floods compared with the levels in the
open sea.

7.5.2 Extreme monthly sea-level surfaces

Fig. 7.2 a-d shows the maps of the surface position of mean
monthly extreme gea levels for 19071-1940. In December 19213 the
observed mean monthly level was the highest during 40 years of
obgservations (H_ = 43.71 cm) (Fig. 7.2a). In Novembeyr 1923 (Fig.
7.2b) a high mean monthly water level was observed (H_ = 24.7 cm).
In both cases the gauge at Utd and Kobbaklintar in th® central
part of the sea do not show any deviation from the general
position of the mean level surface of the sea. A similar situation
is observed for the lowest mean monthly water levels in May 1918
(Hm = =-46.8 cm) and in March 1924 (Hm = ~46.7 cm), see Fig. 7.2c.

In case of a low water level, however, almost a horizontal mean
level surface in the central gea is observed. It 1g evident from
Fig. 7.2c that the mean level surface from the Ventspils -
Landsort line to the Ustka - Ystad line devi@tes from mean levels
at individual gauges guite insignificantly (-~ 0.5 cm} and its
total height is 48.0 cm.

7.5.3 Long-term average sea-level surfaces

A map of mean sea level surface for 1261-1937 is given in
Lazarenko (1951). Mean sea levels for 1901-1937 for all the gauges
(except Yxpila and Pietarsaari} obtained independently above the
single zero height of the Xronshtadt gauge in the BLP system are
in a good agreement (BLP, 1950). Deviations from mean level at
some points are within - 1.0 - 2.0 cm and may be explained by the
effects of river runoff, prevailing winds, etc. For example,
gauges on the coasts with the dominant eastward winds, in the
heads of gulfs and bays ag well as in river mouths give mean
levels by 1.5 - 2.5 ¢m higher. On the contrary, gauges at the
sites with prevailing westward winds show mean levels by 1-2 cm
lower.

The nature of the surface slope of the mean levels in the proper
sea, in the gulfs and in straits ig different. The mean level
surface slope from Remi to ¥Ystad is 18 om, while from Kronshtadt
to ¥Ystad it is 16 cm. The slope in straits is across the straits
and it is up to 4-5 cm, while in Kattegat it is up to 7-8 cm.

In the Gulf of Viborg the slope is several times larger than in
the Gulf of Finland.
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7.2 Maps of surface position of mean monthly extreme sea levels
for 1901 - 40
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The mean water level for 1951-1976 (Fig. 7.3) is practically
similar to the map for 1901-1937 (Lazarenko, 1957). Inadequate
information, however, for Denmark and partially for FRG, the
straits and Kattegat, makes it impossible to compile a map as
detailed as that for 1901-1937. Both maps are quite accurate
though. It is possible to assume that the total surface slope of

the mean sea level is 18-20 cm and the error does not exceed
£ 1-3 cn.
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7.5.4 Water volume increments
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With the area of the Baltic Sea (areas 1-5} accepted to be
392,228 km<4, according to U. Ehlin, water_volume increments for
a sea-level change of 1.0 c¢cm, are 3.9Z km~.
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Daily increments of mean Baltic Sea level for 1926-1935 are subject
to variations within ¥ 1 & 3 cm on the average, and may attain

£ 8 3 10 cm/day in extreme situations (Hela 1944). Such daily sea
level incrementg corresgond to daily sea volume increments from

£ 3,94 11.8 km® up to £ 31 & 39 km3+ In the latter case, the

water volume increment attains * 7 & 9 % of the annual water
discharge from the whole drainage area, or 45 3 50 % of the annual
discharge of the Neva River.
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7.6. RESULTS
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n The methodology for mean sea-level computation for the sea or its
% - : specified areas, described in Lazarenko,(1961), made it possible
EAS K : to compute mean monthly and mean annual sea levels for the five
JJ// : subbasins and for the Baltic as a whole for 1951-1%76. A comparison
i; was made with mean monthly and annual levels for 1901~1940,
; computed from uniform observations at the base network of sea
E : level gauges. The comparison showed that, for Stockheolm, for
o : instance, mean deviations of annual gauge levels from annual
o : levels of the sea were % 0.5 cm, and the maximum deviations
attained £ 1.5 cm. For Utd this deviation is ¥ 0.6 cm and * 2.0
cm respectively.

Hirshais 7

-64°
-62"

7.3 Map of surface position of the mean water level for 1351 - 76 ; Better correlation was obtained by using mean sliding values for
: 11 years for Utd and the Baltic Sea. Hence, mean deviation of

those levels for 1901-1940 was - 0.1 c¢m only, while the maximum
deviation was - 0.4 cm.
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7.6.2 Water levels in the five subbasins S T *; T ? o W T W
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rable 7.2 contains some information (for comparison} on the Baltic - g
Sea and on its 5 areas. g
S 4
The highest annual water level for individual sea areas and for §
fthe sea as a whole during 1951-1976 was observed in 1967, the - j
lowest one in 1960. The maximum level fluctuations were in the = <:: O
Bothnian Bay (27.7 cm), and the minimum level fluctuations in the ) >
Baltic proper (17.7 cm).
w
The highest mean monthly level was observed in January 1975, )
except the Baltic proper, where it was fixed in January 1976. 5
o
The lowest mean monthly levels were observed in three areas and ; : ' ]

for the whole sea in March 1960, and in the Gulfs of Finland and
Riga in December 1959.

7.6.3 Sea-levels during Pilot Study Year

Mean daily levels for July 1975 - December 1976 were computed for
the same level gauges, for which mean monthly and annual levels

were computed for 1951-1976.

AN VENEWIAWA

For Poland and Finland mean daily levels were used on the basis i
of mareograph data obtained 6 times a day; at the othexr gauges : i;:; <

mareograph data were obtained 24 hours a day. At the sites
egquipped with tide-gauges, neasurements were made 4 times a day.

\/\}\

Fig. 7.4 shows chronological variations of mean daily sea levels :
for July 1975 - December 1976. puring a yvear and a half, 13 main : -
sea level waves were observed, and secondary waves were marked : "
on this background. The most significant wave took place during
the period 17 November 1975 - 23 February 1976 (98 days). Water _
tevel rise lasted from 17 November, when the mean daily level : e
was 27.37 cm, till 31 December when mean daily level attained ? _ o
49.54 cm. This was the maximum level attained for the whole period ; ) ;lﬁ\

Jen 0

1875 | 1976

of computation. Conseguently, mean sea level for 44 rose by 76.91
cm. Average rate of mean sea level increment for the whole period

11\
was 1.98 cm/day. During the period 9 till 20 December the level ; g/,

Pilot Study Year

7.4 Chronological variations of mean daily sea levels during

did not rise. Between 20 and 31 December the level attained its
maximum. The rate of level rise for this period was 3.7 cm/day,
and on 27-28 December the daily level increment was 7.77 cm/day. f/”f
When the maximum level was attained, during 31 December - 22 : <
January 1976, mean daily levels of the sea varied within 49.54~ :

32.16 cm. During 22 January - 9 February (19 days} the sea level ; Ci}_
foll from + 46.93 cm to - 15.78 cm, i.e. by 62.71 cm, corresponding |
+o0 a mean fall of the level by 31,48 cm/day.

The maximum amplitude of mean daily levels for the period from
July 1975 to December 1976 were 101.15 cm.
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Max.
106.3
97.5
106.0
105.7
84.3
.2
89.9

90

{(Mar.1923})

-42.3 (Mar.1960)
~48.7 (Maxr.1960)
~51.3 (Dec.1959)
-58.2 {Dec.1959)
~49.0 (Mar.1960)
~48.2 (Mar.1960)
-46.8 (May 1918)

(Feb. 1929)

{year)

lowest

Monthly level, cm

highest

{year)

27.7 64.0 (Jan.1975)
23.3 48.8 (Jan.1975)
25.3 54.7 (Jan.1975)
24.6 47.5 (Jan.1975)
17.7 35.3 (Jan.1975)

20.8 42.0 (Jan.1975)
19.8 43.1 {bec.1213)

Max.,

-13.7 (1960)
-16.7 (1960)
-15.6 (1960}
-18.4 (1960)
-18.6) (1960)
-17.4 {1960)
-17.7 {1939}

lowest

{year)

{1967)
(1967)
{1967)
{(1967)
(1903)

14.4 (1976)

{year)

level,highest
-11.3 =0.9 (1967}

-6.0 6.6
-3.7 9.7
-5.0 6.2
-8.4 3.4
~-8.2 2.1

term

0.6

CI

1957~
1976
1901~
1940

Water level extremes 1951 -~ 76 in different subbasins

Period Mean Annual level, cm

(years) long-

_n

(Regions IITI-V)
Baltic Sea
(Regions I-V

Baltic Sea

1. Bothnian Bay
2. Bothnian Sea
3. Gulf of Finland
4, Culf of Riga
5. Baltic Proper

Table 7.2

-7 7 -

7.6.4 Water storage changes in the five subbasins

Based on the sizes of individual subbasins and the Baltic as a
whole, according to Ehlin et al (1974) and as recommended at the
fifth meeting of experts on the water balance {cf. Main Table 1),
water volume increment were determined from the following equation:

Zl‘Hcp - F (7.2}

=
=2,
=
i

=
jax
{®
I
]
=
i

water volume increment for a certain time interval;

Hecp - sea level rise for that interval;

=
!

area of the sea surface.

Results on mean monthly water volume changes for the five sub-
basins during the period 1951-70 are given in Main Table g,

The interannual fluctuations during the period 1951-75 are shown
in Fig. 7.5 for the entire Baltic and the five subbasins inside
the Danish Straits.

Variations of mean dailly water volume increments (in km3) for
July 1975 - December 1976 are shown in Fig. 7.4 (the right scale).

Based on the crossﬂsegtign areas of the Danisg SEraits according
to Hela (%94%) (80.107 m” for Oresund, 2554107 m° for Great Belt
and 16.107 m” for Little Belt) the discharges corresponding to

the obtained daily sea volume changes during the Pilot Study Year
could.be estimated (Table 7.3). Daily volume increments, exceeding
30 km~ were obtained 6 time during that period or in 1.1 % of all
the cases of daily intervals observed.

Table 7.3

Largest daily sea volume changes during Pilot Study Year and the
corresponding dischargeg through Danish Straits ‘ '

Daily Discharge Mean velocity
increment, in straits

Nos Day km3 /s m/s

1  from 7 to 8 December, 1975 31.64 368040 1.04

2 from 27 to 28 December, 1975 30.54 351000 1.00

3  from 30 to 31 December, 1975 31.05 351351 1.01

4 from 26 to 27 September, 1976 ~31.72 368550 -1.05

5 from 1 to 2 December, 1976 . 36.60 442260 1.726

6 from 27 to 28 December, 1976 33.41 386100 1.16
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The analysis, made by Hela (1944) on water velocities in the
Danish Straits during maximum daily discharges for the period
1926~1935, shows that water discharges during the Pllot Study
Year are close to maximum possible discharges. Out of the 6 cases

G a4 o sy 0 of major water transport, only one (26 to 27 September 1976) was
” 7 o el i —
> /4?,’ RS g et B T/ e observed during a phase of water volume decrease, i.e. release
= \Qﬁ 2 e \ \ \, ; o " of stored water.
> %) B ) !
b 4;’/ > Ve Re f ﬁ l Daily increments from 20 km> to 28 km> were registered 34 times
g ﬂg\&\ @ < 5\\ 1Y ! o or in 6.2 % of cases. During those cases, mean flow velocity
NETR « el ] R o o varied between 0.66 m/s tg 0.92 n/s and discharges through
e N N s AR N ol . 3 g
P Z;?-/ 3 ”,a"”,”/;J | © g ° the Straits from 232000 m™/s to 323000 m~/s. Out of 34 cases,
g < 4 © o £ @ g 0 water inflow to the Baltic Sea from the North Sea was observed
X o 3 N \. % ! o | o ha 23 times, and water outflow to the North Sea 11 times.
. et - Pt —e = o o
\\ Al = \\‘h;\\\l A |lg 4 e The most intensive fall of sea level occurred during the period
2 = T ﬁ g 22 January - 9 February, when the water level fell by 62.75 cm 3
’/5/ = ,//;/’(! © ¢4ﬁ during 18 days, corresponding to a release from storage of 246 km™.
/fv" © =T T A < 2 °a .
<,%<g o mqﬁ:: e : \: T " During 24_hours,3water discharge Eo the North Sea was on the
\\Qf\>u e i AN £ i average 13.72 km”/day or 158000 m”/s.
(A o 1 . G-
ﬁ; © E ! [ ® 'S %T, From 12 to 29 November, 1976 water inflow to the Baltic Sea was
/g,' - 5 [RRRE @ 1 O H 5 145 km” for a 10-day period, and the mean sea level rose by
& £ ] o k - o . 33.7 cm. _ On the average water inflow amounted to 4.5 kmB/day or
RN - r | VN A U0 3
\\:}\\" m \‘\.‘ g o~ 168000 m /S.
WL = /,/}..ay - - 8 ah ‘
,gqgf [ el o c H o An even more intensive water inflow to th§ Baltic Sea occurred
,/ﬁVi E //’ ! R /: i o during the perigd 26-31 March 1976 (98 km” in 5 days, or on the
iﬁgﬁ\. : L / . ) s Eiﬂﬂ average 19.6 km”/day or 228000 m3/s.
RN 8 “~n-“;:£ah-\\ 8 = -1 0
ale;) - Nalio]
4f, T o 3ot
7, < 0 7.7. CONCLUSIONS AND PROPOSALS
’-:. H o —
2Ty @ g
< P @ w o E
\\ ‘-.\! c D —
N : oar The investigations ¢f mean level and water volume changes in the
/;;; o // o £ O Baltic Sea gave the following results:
g W :
J‘I\\\ - g;’ Ty & : ‘6' %gg : :
r'x\\ - S - . o PRt - further methodological development for reducing water level
Y ; 535 records to complete uniformity;
/"r’.‘j A‘/ > o>
\fqu // g >\42 - computation of mean monthly and annual levels of the Baltic
{igu - ﬁﬁim Sea for 1951-1976, and mean dally levels and water volumes of
\$Q%*\ - - o 0 m.o the Baltic for July 1975 ~ December 1976 on the basis of uniform
NN T Tyl = =R ds:
o] o = records;
b A — L
£EOC O O © © © "E 9 29 Q2 Q2 Q 9 o o Q9 3 ~ - preparation of a realistic basis to compute actual changes of
G M N T Q4 x© © W T O N - A mean levels and water volumes for different time intervals
(24 hours and longer) to provide operational water balance of

the Baltic;

- demonstration of hydrosynobtic sea level maps with daily,
monthly, annual and long-term surfaces ¢f the mean sea level
to study the regime of water level fluctiations.

Based on the results provided the following proposals are made:
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the Baltic countries should discuss the possibi%ity to develop.

a uniform methodology fox organizationf collection §nd prgcessmng
of records on the Baltic Sea levels which would satléfy the
conditions of a complete uniformity of level records;

it is reasonable to discuss a new levell%ng of the BLP system
by the dynamic method (BLP~2) on the basis of resglts of N
relevelling of the national levelling networks which form the

polygon, completed after World War ITI;

it is recommended to study the possibility for a compil;t%on'of
operational hydronynoptic maps of the level gu?face position;
to this end it is reasonable to organize additional level

gauges on islands and in the open sea;

it i ibility of a cooperative
it is recommended to study the possibi :
programme of continuous operational monthly computations of the

water balance of the Baltic Sea.

Chapter 8

WATER EXCHANGE THROUGH THE DANISH STRAITS
Torben Schelde Jacobsen (Denmark)

8.1. ON THE CONCEPT OF SEAWATER EXCHANGE

The term "water exchange" has been used with various meanings in
the past decades of investigation of the water renewal of the
Baltic. A short discussion of the methods employed and their
interpretation is considered to be relevant.

8.1.1. Early studies

As earlier indicated the Baltic has a positive water balance, i.e.
on the average the amounts of fresh water received by river
inflow and precipitation exceeds the loss by evaporation. This
surplus amount is denoted Qo'

If the Belt Sea and the Kattegat are included in the Baltic, Q
is about 8 % higher than without these areas. If only the

p

Belt Sea is included, the rise is 2 %.

o}

For the Baltic withcout the Belt Sea and the Kattegat, the mean
value of Q  is about 14,000 m3/s, assuming that evaporation and
precipitation balances in the annual budget. The_basin area is
taken as 273,000 kmé and the volume as 201,900 km3, (Ehlin et

al., 1974). Q_ is found to make up 2 % of the volume over a year,
corresponding "to a sea level rise of 1.2 m.

The first studies on the water balance of the Baltic were mainly
concerned with estimation of @ (Krlimmel, 1907, Keller, 1911,
and Spethmann, 1912). Their esPimates differ not much from more
recent studies.

In order to achieve more insight in the distribution of f£lows in
the Transition Area, Knudsen (1899, 1900) decomposed the flow
into an upper layer of outflowing brackish light Baltic water and
a deep inflowing layer of higher salinity of Atlantic origin
{(Fig. 8.1.B). This .is to be understood as averadge conditions.

For the section Gedser-Darss, Knudsen proposed an outflowing
upper layer transport of Q.=2Q , and a deep layer inflowing
transport of Q,=-0Q , utiliZing conservation of mass and salt in
steady state c%ndi%ions.

Moving from the Gedser-Darss section towards the mouth of the
estuary, i.e. through Fehmarn Belt and the Great Belt, the mean
discharge of the upper layer increases due to entrainment from
the bottom layer. The net loss of water from the bottom layer is
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compensated for by a corresponding increase in the mean rate of
inflow towards the estuary mouth. The size of the mean flows in
the two layers, exemplified for Gedser-Darss in Fig. 8.1 b will
thus both become larger if a similar section is constructed, say,
in the Great Belt.

It was early recognized that Q_ does not leave the Transition
Area undisturbed. Tidal excurslions are present in the Belt Sea,
although not very pronounced. The amplitude of the most

prominent component, the semi-diurnal tide M,, is reduced from 12
cm at Frederikshavn to about 4 cm at Gedser. Meteorclogically
forced oscillations with duration from a few days to some weeks
cause, however, a considerable water exchange, It was also
observed that the mean current in the deeps of the straits is
directed towards the Baltic due to the baroclinic pressure field
created by the outflowing light water.

The Sound and the Belts are channels through which the barotropic
part of the flow is determined by the sea level difference

between the Kattegat and the western Baltic. Westerly winds cause
inflows, and easterly winds outflows. Outflows also occur during

-calms because of the positive water balance. Therefore 1t is not

the local wind but the large scale wind field which determines

the direction cf the flow, not directly through the windstress,
but indirectly by means of the piling up of water, and the
creation of barotropic pressure gradients. This is why the surface
current often runs in opposite direction to the local wind. The
flow in the sound and the Belts is mainly frictionally balanced,
(Wyrtki, 1954 Pedersen, 1978; Jaccbsen 1978, 1980).

8.1.2. Studies based on lightship observations

Jacobsen (1925) tried to relate the exchange of water to surface
obhservations of the current at the lightships in the Transition
Area. He suggested that the total exchange Q is proportional to
the surface current at Brogden lightship in the Sound. Wyrtki
(1954) improved the method by estimating the exchange through the
Great and the Little Belt by means of current observations at
Halsskov Rev lightship in the Great Belt. He found, however, that
the ccoefficient of proporticnality between the surface current at
Halsskov Rev and transport Q_ through the Belts varied by a factor
of two between different periocds.

Sogkin (1963) regarded the in- and outflow periods separately and
related the exchange of water 1n the Belts to the mean value of
current observations from the lightships Halsskov Rev, and
Lappegrund in the northern Sound. He found a linear relationship
for outflow and a non-linear for inflow. However, the mean outflow
computed from these relations became suspiciously low, even
negative, in the beginning ‘of the 40's Both Wyrtki and Soskin
estimated the exchange through the Sound with the formula proposed
by Jacobsen (1925), and both authors calibrated their coefficients
for the Belts against the water balance equation of the Baltic.

Agsuming that the lightship observations, which are carried out
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mainly by visual estimation, contain no errors wiich are corre-
lated to the direction of the flow, two explanations are proposed
for the discrepancies encountered:

1} The strong alternative inflows and outflows caused by
atmospheric forcing leave the net outflow QO te be measured as
a small difference between large volumes of in- and outflowing
water. The existence of even a small horizontal residual
circulation in the upper laver, where the lightship is located,
will invalidate the assumption of proportionality between the
long term mean value of the observed current and the
corresponding net flow.

This residual Cclroulation may arise from the density structure,
the Coriolis force or become inducted by the local wind. The
lighsthip ohservationsg are sensitive to the wind effect, as
they deal only with the current in the upper few centimetres.

Wyrtki was aware of the possibility of such a bias in the
computed net flow, and Soskin tried to avold it by establishing
‘different relationships for in- and ocutfilow.

2} The baroclinic {density driven} component of the water exchange
represents a vertical residual circulation. The surface current
can therefore never describe the average conditions in the
deep layer.

In the discussion above, the intricate problem of reducing the
surface current vector to a scalar guantity has not been discussed
Although the curvents in the straits are distinctly bi-directional,
the current direction can assume all values. Jacobsen (1913}
defined a scalar guantity, the "resullting mean current”, as the
numerical value of the in~going vector’s sum subtracted from the
outgoing ditto, the difference to be divided by the total number
of observations. The two distinct minima in the directional
distribution served to define the sectors of in- and outflow.

The author has derived scalar currents suitable f£or exchange
studies by projecting the current vector on a direction which is
in reasonable accordance with the directional distribution, and
the geometry and orientation of the strait. The different methods
are, however, almost certain to yield different results with
respect to long term averages.

8§.1.3. Time variability of the seawater ezxchange

The coefficient of variation for the exchange, Cv {0Y. is the
ratio of the standard deviation to the mean value

CV (Q) = sD{Q)/<0O>» {8.1)

Results from the project on the water bhalance of the Baltic have
shown that C_ varies in the range from 8 to 10, when daily
averages of ¥ne total exchange in the Transition Area are used
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as input data. It is therefore not surprising that attempts to
extract the mean outflcow from lightship observations have failed
on many occaslions.

Four ways of interpreting the sea water exchange are shown in
Fig. 8.1. The first (&) shows the concept of a mean ocutflow
equal to QO and averaged over such a long time that the
importance of the meteorological short term forcing vanishes.

No information is obtained about the density driven currents in
the Transition Area, and the result is only little affected by
displacement of the section chosen, because no large rivers have
their outlet in the Belt Sea.

In {B) the decomposition into mean outflow in the upper lavyer

and inflow in the deep layer below the density interface is
demonstrated. This is Knudsen's approach, but because of entrainment
the magnitude of the resulting flows is sensitive to the choice

of the section. The sum of the two flows should equal the net
average outflow Qo‘

Fig. 8.1A shows a decomposition of the vertically averaged flow
into total outflow and total inflow, which are a measure of the
barotropic pulsations. The density stratification is thus entirely
ignored. Results of this type can partly be inferred from the
changes of the sea level in the basin. Lisitzin (1967) and Soskin
(1963) followed thig appreoach and found the sum of inflowing and
outflowing water to be 3000 and 2850 km3 respectively on a yearly
base. Their computations are, however, sensitive to:ithe position
of the section, and also to the kind of time averaging performed.
It is clear that if the ordginal flow data are averaged over a
sufficiently long time before the separate sums of inflow and
outflow are formed, one ends finally up with just a mean outflow
of Q .

o]

Finally, one might describe both the effect of the average
baroclinic field and the barotropic oscillations as suggested in
Fig. 8.1D. Again, the choice of the section and the averaging
performed affect the results.

The illustrations A~-D have been exemplified with numerical values
for the section Gedser-Darss with the following assunmptions:

Q 1is taken as 450 km3/year and 70 % of the water exchange of the
BEltic is assumed to take place through this section. Thg sum of
the total amounts of in- and outflowing water is 3000 km*/year
(derived from daily averages) and the mean vertical distribution
of the exchange at the section follows the ideas of Knudsen, i.e.
the mean outflow in the upper layer is 70 % of 2Q . The partition
0f the total flows in Fig. 8.1D (sum of out- and inflow) between
the upper and lower layer has been taken as the ratio of the
areas above and below the mean halocline depth at 11 m. These
areas are 30 x 104 and 9 x 104 m respectively (Wyrtki, 1954).

In the c¢lder literature on the water exchange a distinction is
made between inflowing water, outflowing water and net flow,
while in modern analysis of geophysical time series it seems to
be more appropriate to describe the process by its mean value,
variance, and spectral characteristics. Higher moments of the
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process can be included if there is a significant deviation from
a normal distribution. The usefulness of the former concepts
should, however, not be overlooked, as the direction of the flow
is of impo¥tance for the displacenent of hydrographical fronts
and for the associated environmental effects.

3.1.4. Some methodological conclusions

T+ is concluded that in an estuary having a high time variability
of the flow one should attempt to describe the water exchange by
the following methods:

1) The variability of the barotropic (not vertically resolved)
exchange is measured in the channel. A few instruments or
a suitable flow model will suffice as the net long term average
flow is not to be determined.

2) The net long term average outflow is determined from the
hydrological characteristics of the upstream basin.

3) The baroclinic mean flow systems are determined from the
salinity distribution.

Attempts to describe the variability of the flow in the channel
from basin measurements or to measure the long term net outflow
directly in the channel are both certain to meet with difficulties.
In this chapter only oscillations in the period ranging from a

few days to approximately one month will be examined. These
oscillations are called "meso-scale oscillations".

8.2. FIELD MEASUREMENTS OF THE SEAWATER EXCHANGE

This section deals only with the Danish measurements which took
place during the Pilot Study Year in the Sound and the Belt 3Sea.
An independent investigation in the Kattegat was carried out

by the Swedish National Roard of Fisheries (Szaron, 1979} .
Previous estimates and models of the exchange have been reviewed
by Jacobsen (1980).

In August 1974 the Belt Project, sponsored by the Danish Ministry

of the Environment, the National Agency of Environmental Protection,
placed subsurface moorings with Aanderaa current meters in a

number of sections, see Fig. 8.2., 8.3. The stations shown are

the maximum number at any time. The depths shown in Fig. 8.3 are

the recording depths aimed at, but on many occasions the instruments
have actually been placed somewhat deeper, 1-2 metres. From month

to month variations in the actual recording depth within 1-2

metres have occurred when the instruments have been replaced in

the moorings.
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current meters in the respective sections

A detailed description of the measurements has been prepared for
the final reporting of the Belt Project. It includes a graphical
representation of the current meter data (current, salinity,
temperature, and depth of the instrument), reduced to daily mean
values (Kruse, Jacobsen and Nielsen, 1980).

8.2.1. Calculation of the sea water exchange

No attempt hag been made to use theoretical models of the velocity
profiles in order to improve the calculations. There exists at
present no theory on stratified non-steady flow which can be of
help with the limited ¢bservational material available. Therefore
the simplest possible box model was applied. It is realized that
the strong vertical mean shear in the horizontal velocity field
will make the resultant long term net flow very dependent on the
choice of .the boxes. The implications of this problem are discussed
in section 8.3.

The transport calculation took place by dividing the cross section
into boxes followed by multiplication of the velocity component
normal to the box with the box area, i.e. by assuming the current
measured to be equal to the average of the current over the

entire box.

The boxes were separated by horizontal lines placed half-way
between the instruments (nominal depths, and by vertical lines
placed half-way between stations}.

Migsing data were substituted by means of linear regression from
the adjacent instrument which showed the highest correlation to
the missing one. When a substantial part (more than half) of the
recording in the upper (high velocity) layer were missing, the
discharge calculation was not carried out for the series of daily
water exchange, but less restrictions were imposed on the
calculations of the monthly exchange.

In a previous analysis of daily averages of the resulting series
(Jacobsen, 1976) it was shown that the calculated discharges in
the three sections in the Great Belt deviate in a systematic way.
They have for reasons of continuity to yield the same discharge
rates with a minor correction for the accumulation of water
between the sections, but calculations for the middle section
give transport rates almost 40 % higher than the northern section,
while the southern section gives lower estimates and also bears

a lower correlation to the northern section. The residual
variation of points around the line of regression between
transports in the middle and the northern section is 2-3 km3/day
and is taken to be an estimate of the standard deviation of error
of the method used, even if box areas could become optimized.
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8.2.2. The Belt sections

Without further information about the amounts of water passing
the Great Belt it is not possible to decide which section to

rely upon (if any) for extended studies., Because of poor
instrumentation in the southern section and because of the
discrepancies of the calculations from this section when compared
to the other two it was, however, decided to reject results from
the southern section. 0f the two remaining, the northern section
was preferred because it had six instruments and alsc because

the flow was expected to be of a simpler and more uniform
structure than further south. The island of Sprogo rises just
north of the middle section, and the ridge divides the Creat

Belt into two parts, Vesterrenden and Osterrenden. This choice
was confirmed later by results from the equation of water balance
(Jacoksen, 1980).

Transports in the Little Belt were calculated at the northern
section (station 547), as the currents at station 530 in the

gsouthern Little Belt cannot be congidered as representative of
the movement of the water through this strait (Jacobsen 1980).

The Fehmarn Belt section could not be used until the Institute of
Marine Research, Kiel, on October 12, 1976 moored an additional
station (529) with three instruments at the 20 m contour outside
Fehmarn. The last two and a half month of the Pilot Study Year
has, however, not been included in the calculations as data from
the Danish station 528 were very scanty.

8.2.3. The sections of the Sound

In the section in the southern part of the sound (stations

526, 527, 552} continucus recordings failed because of frequent
interference of the mechanical part of the current meters (the
rotors) with drifting sea weed.

The section in the northern part of the Sound (station 549) was
not established until November 1975, and the highly irregular
current which frequently consists of a narrow northgoing swift
surface current of low galinity, embedded in denser water of small
velocities (Jacobsen and Nielsen, 1978) did not encourage
calculations, when only two instruments (7 and 25 metres) covered
the section. The 15 metre instrument was added in February 1977.

In the preliminary tables of the water exchange, presented in
Rostock 1977 (Nielsen and Jacobsen, 1977} use was made of the
estimates of the surface current from the lighttower Drogden,
and QS was calculated according to:

(km3/month) = 1.5V (cm/s) (8.2)

Q DR

S
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The formula has been proposed by Jacobsen (1925). Vpp is almost
always reported in directions 50° (outgoing) or 230C (ingoing).
A later investigation based on intensive current measurements
during September 1976 showed that the factor of proportionality
between ¢Q_ and VD has increased almost monotonically since 1931
and is noﬁ about goubled (3 instead of 1.5), (Jacobsen 1978,
1980) . No safe explanation of this has yet been found. It should
also be pointed out that the annual average of the current from
Drogden has been ingoing on many occasions since 1943. It is,
however, hard to accept that the annual net exchange through the
Sound should alsc have been negative.

In consequence of this the previous presented monthly values for
Q. (Nielsen and Jacobsen, 1977) are too small. It was not
cgnsidered safe to utilize the observations from Drogden with a
larger constant of proportionality, as long as the question of
the change in the constant not has been settled. Alternatively,
a simple model has been established which permits Q. to be

. calculated from a frictionally balanced barotropic Elow over the

shallow area north of Drogden (Jacobsen 1978, 1980). The barotropic
pressure gradient is calculated from the sea level difference
between Klagshamn and Copenhagen:

Qg = K( th+n)/k3h+d% (8.3)

where ZXh

hKlagshamn - h Copenhagen

b = 0.078

K =9 x TOgl /251
hKlagshamn is measured relative to the Swedish "heightsystem 1900"
and hCopenhagen relative to DNN (Danish Normal Zero).

D accounts for the expected difference between the Swedish and
the Danish levelling zeroces.

The model was calibrated to give a good description of the
gxchange during periods of uniform flow of moderate to high
intensity. It is likely to fail during situations with small sea
level differences, and also if the transport is averaged over
many current reversals. It has, however, owing to lack of better
data been used to reproduce the monthly values of Q. for the
Pilot Study Year. S

The Danish Meteorological Institute and the Swedish Meteorological
and Hydrological Institute kindly supplied the hourly readings
from the two tide gauges. During March 1976, the tide gauge in
Copenhagen was out of order, and tentatively was substituted:

Qg (km3/month) = 3.0 Vpg (cm/s) ' (8.4)
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8.2.4. Results

Results are given in Table 8.7. The monthly values of Q B could
not be evaluated for January and February 1976 at the n8Bthern
gsection in the Great Belt because of lack of data. Similar
calculations from the middle section (stations 545 and 534) were
used after multiplication with the factor 0.71, which is the
mean ratio between the discharges calculated at the two sections
{Jacobsen, 1976). This was done in order not to leave the table
of monthly values incomplete, but the method is not entirely
satisfactory. All daily wvalues reported in this chapter stem on
“the other hand only from the northern section, and rather many
gaps are for that reason unfortunatley introduced.

The monthly values of the exchange in Table 8.1 fulfil the
regquirements of the proiject on the water balance, but the high
variability of the exchange made it desirable to study the process
also from daily values. The hourly averages of the water exchange
calculated at the gections in the northern Great Belt and the
northern Little Belt, and from the barotropic model of the Sound,
were filtered with a triangular {(Bartlett) filter over 48 hours
and resampled at midnight with an interval of one day. The reason
for this procedure is that they should be comparable to the
volume changes calculated from the daily mean sea level {(Jacobsen,
1980).

8.3. DISCUSSION OF RESULTS

The daily mean sea level of the Baltic was calculated with data
from 44 tide gauges in order to provide a provisional basis for
comparison with the series of the daily sea water exchange (Fig.
§.4). Results derived from a larger number of tide gauges were
presented by the Soviet element coordinator at the seventh meeting
on the water balance of the Baltic in 1980. The values of Q

stem from the preliminagy results of the sixth meeting in Hglsinki,
1979. Altogether 433 km~ was in this way found to have left the
Baltic during Pilot Study Year ({(Jacobsgen, 1980).

With regard to the amplitude of single in~ and outflows, QLB as
the smallest and Q B the largest. But the long term average is
apparently positivg for Q. in the Sound, while the two others are
zero or even slightly negative. Two comments can be given already
at this stage:

1) Q. is derived from a barotropic model of which the long term
a%erage is very dependent on small inaccuracies in the absolute
difference of the tide gauge zeroes, and this difference has
not been adjusted in order to produce a reasonable long term
net flow. The mean outflow <Q_.> will become reduced to half of
its present value if the parafeter D in edq. 8.3 is reduced by
only 2 ¢m, which is well within the uncertainty of the knowledge
of D. At the same time < |QS[> will be left almost unchanged,
i.e. the mesoscale oscillations are just slightly distorted

Table 8.1 Net water transports in Danish Straits during Pilot Study Yéér {(July 1975 - Decamber 1976)

Units in km3. Flow to the Kattegat is positive
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each to yield a lower outflow and a higher inflow. For an
investigation of the sensitivity of the simple non-lineax
model of the Sound, see Jacobsen (1980).

2) There are many gaps in the series. When cumulated this will
affect the position of the end point, because the cumulated
discharge for computational reasons has been kept constant
during periods with no data. The effect of the gaps for the
sum of the mean discharges in the three straits has been
estimated indirectly from thg equation of water balance and
produces a deficit of 227 km”. See Fig. 8.4, and Table 8.2.
The actual deficit thus left is only about 90 xm3 when compared
to Q, and the volume change Av.

8.3.1 Time lapse of the exchange

The time lapse of the exchange during the Pilot Study Year is
described from the integrated vaiue of (Q. - AV) (Fig. 8.4,

heavy line). The most prominent features are the strong inflow

by the end of 1975 followed by a full month of intense outflow,
and the quasi-periodic oscillations of about once months duration

during 1976.

The inflow begins by the middle of November 1975 and continues
with minor interruptions of outflow until early in January. The
rate of inflow is particularly high during the first and last
third of December. This is in good agreement with the east-west
component of the wind stress (Jacobsen, 1980) .

About the 3rd and the 23rd of January severe storms passed Denmark;
there were flood-warnings for southwest Jutland, and the Transition
Area experienced some extreme sea level oscillations. A strong
outflow started after the second storm at January 23rd and lasted

a full month with a single small interruption. About 370 km” left
the Baltic during this outflow which corresponds to 140,000 m3/s.

Alternating in- and outflows of smaller size followed, each
representing the pendling of characteristically 100 km~.

The integrated curve of the directly measured total discharge Q

is also shown in Fig. 8.4, but is far from complete. The fragments
which are present do, however, conform to a high degree with
(Q, - AV), even in very small details.

§.3.2. Differences observed between the Belts and the Sound

Three types of filtering have been applied {(hourly simple averages,
24-nour simple averages, and the before mentioned 48~hourly
triangular filtered values). The mean value, the standard deviation,
the mean of the absolute values, and the ratio of the latter
parameter to the standard deviation have been calculated.




From the mean of the abksolute values, it is seen that the flushing
ratio between the Sound, the Great Belt and the Little Belt is
3:7:1 for all three filters. The ratio <[Q|>/SD(Q) is seen to be

a little higher than 0.8, cf. section 8.2.3. The ratio for QS

is even close to 0.9, but it is to be remembered that Q. is
calculated from a crude hydraulic model while QGB and QLB are
calculated from direct current measurements; devViations in the
amplitude distributions must be expected. If the 1-hour means of
the absolute values of the exchanges through the Sound and the
Belts are assumed to be representative, we find that the sum of
the flushings is about 3500 km3/ ear. For 24-hourly simple

means this is reduced to 3000 km®/year. The absolute value of the
total exchange Q eguals the sum of the f£lushings of the single
straits only if they are always of the same sign {direction).
Thig is known not to be the case and the flushing of Q is
consequently smaller than the numbers just given.

It should ke mentioned that both current meters at station 547

in the northern Little Belt were moored about 3 metres deeper

than planned, i.e. at 10 and 18 metresg. Calculation of the wvector
of the mean current, Fig.8.5 a, shows persistent inflow at both depths with
velocities about 2 c¢cm/s. The salinity is seldom lower than 20 o/o00
at the upper instrument. It is concluded that the mean outflow
takes place above 10 metres depth.

Fig. 8.5.b shows the mean current vectors for the Great Belt
sections. The mean current at 7 metres depth on station 535 is
small during 1.8.1975 - 1.8.1976. The depth of the instrument has
varied from 6 to B metres. Its projection at right angles to the
section gives an outflow of 1 cm/s. It should be noticed that the
data representation is only 68 % and that the period selected

is only 12 months of the Pilot Study Year. Nevertheless it seems
very likely that the instrument is moored too deep to represent
the mean outflow in the western part of the Great Belt. Due to
the Coriolis force, the deep layver rises at the western side of
the Belt, and this could possibly explain why the outflow has

not been recorded, while at the same time the instrument at
station 537 on the east side records an outflow of 5-7 cm/s,
although actually moored at appr. 9 metres. The other two annual
mean currents at 535/7 m are slightly negative when projected

on the normal to the section. Salinities are usually 1-2 o/co
higher than at the corresponding ingtrument placed in the eastern
part of the section.

The box allocated to 535/7 m represents 20 % of the total cross
section area and 36 % of the area shared by the three upper
boxes. It it is assumed that the representative velocity in the
box is appr. 5 cm/s {cf. 536 and 537), this would raige the
calculgted mean outflow in the Great Belt with 3500 m”/s or

710 km”/;year. At the same time, the total expected net ocutflow
corresponding to370 % of the fresh water surplus is only a little
more than 300 km”/year. This demonstrates the extreme difficulty
in estimating the long term net outflow from direct measurements.
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8.5 Mean current vectors for different sections
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8.3.3., Long~term mean discharge

It is concluded that the long term mean discharge through the

Belts has been underestimated, while through the Sound it is too :

ilarge. In the sum <Q>, however, these errors partly cancel. The : Table 8.2

results are presented as they were originally calculated, i.e. f

without adjustment to the known total outflow (Q - AV), because

it was agreed upon from the beginning of the project that all :

water balance elements gshould be evaluated independently. } Caps in measured total ocutflow Q

8.3.4. Modelling the seawater exchange pays Period SimuLUmmxms3vahmaOf
(@, - Ak

There have been many more or less successful attempts to model i Y - © 13 Jul -~ 5 Aug 1975 -62.7
the sea water exchange. Most have been reviewed by Svansson ?
{1976) and Jacobsen (1979, 1980). Modelling of the data obtained ; 2 2 Sep - 3 Sep 1975 4,2
during the Belt Project has been attempted by the Danish Hydraulic .
Institute (1977), Pedersen (1978}, Nielsen (1979), and Jacobsen 32 5 Jan - 5 Feb 1976 189.5
(1978, 1980).

34 1 Mar - 3 Apr 1976 -14.2
Most of the models geem to indicate that the best results are
obtained with a non-linear bottom friction law, which has the 41 2 May - 11 Jun 1976 106.9
advantage that it inhibits unrealistic large flow rates to
develop for large sea level gradients. 4 6 Jul - 9 Jul 1976 14.7
All these models give uncertain results when the rate of flow is ¢ 31 3 Oct - 2 Nov 1976 -11.1
small, and also they are unable to produce reliable long term .
mean values. On the other hand, they give fair results for
moderate to high exchanges.

. Total 168 227.3
It appears to be possible to monitor the sea water exchange in a .

rather simple way with observations of the gea level in the
southern Kattegat and in the western Baltic, but the long term
mean requires adjustment from the other terms of the eguation of
water balance, (Q - Av).

8.4. CONCLUSIONS

The present chapter describes the results of the direct measurements
of the sea water exchange through the Transition Area (the Sound

and the Belts) during the Pilot Study Year. The results are given
for each of the 18 months- in Table 8.2,

The difficulties encountered when attempting to measure the
average net outflow of an oscillating fluid of changing stratifi-
cation are discussed. The time lapse of the series of daily values
of the total exchange (Fig. 8.4) shows the presence of a strong
oscillation with a period close to one month. A monthly cycle

in the water exchange will not appear in the series of monthly net
exchanges.
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The distribution of the current over the cross section depends
much on the density stratification, which again is intercorrelated
to the direction of the flow. Outflow is usually connected with
stratified flow, while the fronts during &trong inflow move

south to the sills of Drogden and Darss, and the stratification
may virtually disappear in the Belt Sea. This systematic change

in the flow pattern is likely to introducé a bias in the net
exchange, which is calculated over an entire cycle of inflow and
outflow, and thé bias is expected to be of the same order of
nmagnitude as the long term net flow.

It seems therefore justified also to study the water exchange on
a time scale which resolves all important modes of motion and it
is useful to introduce the average exchange regardless of the
ditection, <]Q{>. It has not been attempteéd to obtain a vertical
resolution of the exchange from the direct current measurements.
To be useful it requires a more detailed khowledge about the
position and stability of the density interface than could be
obtained from the relatively few moored selfrecording instruments.

~101-

Chapter 9

RIVER INPUT OF SUSPENDED MATTERS
Bengt Nilsson {Sweden)

9.1. INTRODUCTION

In the countries bordering the Baltic Sea investigations on
sediment transport have been going on for a long time. The purpose
of the measurements, however have varied widely and different
methods of sampling, analysing and data processing have been used.
In Sweden the studies have often been initiated because of building
operations, water regulations, dredgings or other artificial

‘measures in the rivers.

The observationsg and the measurements often cover a fairly short
period, as the aim has heen to determine the concentration of
suspended material during the periocd of disturbance, an infor-
mation of great importance for instance for water supply plants
and paper mills. The rate of silting in reservoirs and the sedi-
mentation in river channels are also of interest.

Lately special attention has been paid to the fact that the
suspended material is often contaminated with dissgolved, colleidal
and solid matter from waste materxial. This implies a serious
environmental problem, as the waste material often contains heavy
metals, toxic substances and other undesired ceontaminants, which
affect the sediments, especially within the coastal depositiconal
areas.

Thus there was a great interest of a joint study on the sediment
transport within the research project "The water balance of the
Baltic Sea". The problems involved were the following:

- intercalibrate the different methods used in water sampling
and water analysing

- measure the transport during a Pilot Study Year (July 1975 to
December 1976)

- calculate the transport of suspended matter into the Baltic Sea
during the period 1961-70 (second decade of the historical
20-year period chosen for the project).

According to differences in drainage pattern and, to some extent,
also to river regime differences, the drainage basin of the Baltic
Sea may be divided into two main regions. In one region, Finland
and Sweden, the numerous medium size rivers create problems in
terms of the network density and the cost factors involved in an
investigation. In the south and south-eastern part of the

drainage basin the rivers are few with very large drainage

areas, and the measurement problems will be of another kind.

Considering this fact and also other practical reasons,
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Table 9.1
List of investigated rivers draining to the different subbasins of the Baltic

{underscored stations see text in section 9.4.1)

Dr. J. Cyberski, Poland, was responsible for data from the USSR,
Poland, GDR and FRG, and Dr. B. Nilsson, Sweden was responsible :
for data from Denmark, Finland and Sweden. j River

Drainagﬁ River outflow Sampling Drainage Lake area

area km (longterm station area at upstream
) sampling  sampling
m /s station station
9.2. NETWORK DENSITY km percent
1. BOTHNIAN BAY
Sweden 1)
Torne élv1) 34 800 350 Overtomea 32 700 4.3
As mentioned above, a dense station network is needed in the Kalix dlv 23 400 290 Kalix 23 700 3.0
northern region, whereas in the southern region a few stations Iule dlv 25 250 508 Gaddvik 25 250 7.8
registering the net transport from a large inland area are often Pite Elv 11 220 170 BS1lebyn 11 093 6.8
sufficient. Skellefte dlv 11 690 160 Rengard 9 640 13.0
Finland
In Denmark there were no regular observations on sediment transport. Kemijoki 51 400 578 Kemin mlk 50 900 2.9
However, some investigations have been carried out on Jylland Tijoki 14 385 170 Ii 14 315 5.8
(Hasholt 1974, 1975; Neiss 1974; Hst-Madsen and Edens 1974), one Oulujoki 22 925 234 Culu 22 900 11.4
small river on Sjdlland (Bihlet 1971) and a pilot study in nine Siikajoki 4 400 34 Revonlahti 4 395 1.5
small rivers on Sjdlland (Hasholt 1977). Pyhdijoki 3 680 24 Pyhajoki 3 400 5.7
_ Kalajoki 4 200 25 Kalajoki 3 025 1.8
In Finland a network for studies of the chemical composition of Lapuanjoki 4 110 30 Uusikaarlepyy 3 955 2.8
river water was in operation (Wartiovaara 1975, 1978). Though not Ryrdnjoki 4 900 43 Mustasaari 4 805 0.9
especially designed for sediment transport the concentration of 2. BOTHNIAN SEA
suspended sediment could be obtained from that investigation. Sweden
Twentyone stations, located near the river mouths, cover 85 % of Ore dlv 3 030 35 Torrbdle 2 880 2.4
the area drained along the Finnish coast. The sampling frequency Logde dlv 1 610 19 Logded 1 610 2.4
wag 12 samples a year. Angermandlven 31 890 490 Nyland 31 700 7.4
Ljungan 12 850 140 Njurunda 12 850 7.1
In Sweden a network particularly designed for sediment transport Daldlven 29 040 370 Alvkarleby 29 030 6.2
studies was started by the national IHD-Committee 1966-67 (Nilsson Finland
1972) . The observations were since the middle of 1975, carried out by Isojoki 1125 10.6 1 035 0.4
the Swedish Meteorological and Hydrological Institute. Before 1966 7 Kokemienioki 27 100 206 Pori 26 025 11.8
only irregular investigations were undertaken in some rivers Aurajoki 885 6.2 Kaarina 730 0.0
{Arnborg 1958, 1967, 1969; Nilsson and Martvall 1972; Sundborg Paimionjoki T 080 8.3 Paimio 790 2.2
and Norrman 1963). The IHD network covers about 34 % of the total Uskelanioki 585 Salo 520 1.3
Swedish drainage area and about 30 % of the total water discharge 3. GULF CF FINLAND
from Sweden into the Baltic Sea. A sampling freguency of about Finland
50 gamples a year makes it possible to analyse about 10 % of the Karjaanijoki 2 010 17.8 Karijaa 1 925 12.2
total water discharge from Sweden if one sample is supposed to Vantaanjoki 1 685 13.7 Helsinki 1 235 2.8
represent the conditions during one day. Porvoonjoki 1 260 10.9 Porvoon mlk 1135 1.7
Kymijoki 37 235 183 Kymi 36 535 19.4
In the USSR there was a network covering most of the drainage Virojoki 360 3.4 Virolahti 345 4.8
area of the Gulf of Riga. The network covers also about 60 % of 4, GULF OF RIGA
the area which is drained to the Baltic proper. USSR
Gauja 49 Valimiera 6 150
In Poland the network covers almost the entire area from which Daugava 88 000 465 Jekabpilis 70 200 (0.6)
the water is discharged to the Baltic. Data from the river Odra 5. BALTIC PROPER
also reflect the transport from most of the area which is drained Sweden
to the Baltic from GDR. Eman 4 460 30 Fmsfors 4 446 6.8
Morrumsan 3 380 27 MSrrum 3 374 13.3
The sampling frequency in the USSR and in Poland varies from USSR
daily samples at some stations, for instance in the Vistula river, Neran 98 100 546 Smalininkai 81 200 1.0
to every fifth day at some other stations. Pregola 14 677 87 Gwardiejsk 13 600 2.7
Poland
The names of the rivers and the stations are listed in Table 9.1 PasYeka 2 330 14.8 Braniewo 2 290 2.0
and a map of the Baltic and the drainage area covered are shown in Wista (Vistula) 198 510 1010 Tczew 193 866 0.7
Fig. 9.1. Yeba 1 789 6.0 Lebork 436 5.2
JYupawa 964 8.2 Smofdzino 830 4.2




Table 9.1 cont,

River Drainag@ River cutflow Sampling Drainage
area km {longterm station area at
mean) sampling
station
e
Shupia 1 652 16.7 SYupsk 1 470
Wieprza 2 173 16.0 Stary Krakow 1 510
Parseta 3145 27.5 Bardy 2 944
Rega 2 672 20.9 Trzebliatow 2 551
Odra 118 388 522 Gozdowice 109 364
6. THE BELT SEA AND ORESUND
Sweden
Rénnea 1 890 21 Klippan 952
7. KATTEGAT
Sweden
Viskan 2 200 33 Asbro 2 160
Gota dlv 50 180 575 Ormo-Agnesherg 48 200

=104~

Lake area
upstream
sampling
station
percent

O =
O B el

6.2
18.0

1) The drainage areas are divided according to mean water discharge through

the bifuraation. The Finnish area of the Torne rivers drainage area is

14 900 km",
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9.1 Map of areas of the drainage basin surveyed by the chosen
stations network
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9.3. METHODS USED IN MEASUREMENTS AND CALCULATIONS

9.3.17 Water sampling

In Finland water samples were collected with a Ruttner sampler at
midpoint of the stream and at about 1 m below the surface. The
sampling stations were located close to the hydrological gauging
stations.

In Sweden a depth intgrating sampler was used within the IHD
network (Nilsson 1969). The sampler allows a discharge-weighted
sample consisting of the water column from the surface down to

C.3 m above the bed to be collected. The ordinary sampling vertical
was located near the vertical where the mean transport of the cross
section is prevailing. Cross section measurements of water velocity
and suspended sediment concentration were carried out once or

twice a year. Depending on water velocity and water depth the
sample volume may vary between $.5 1 to 0.8 1. The lower limit of
the sample volume is stated becauge of analysing accuracy and the
higher volume because it prevents throughflow of water in the
sampler.

In Poland and in the USSR the measurements of suspended load were
done by the government hydrological services in selected ¢ross
sectiong. In these measurements, in addition to the water

sampling with a bathymeter, water discharge and daily observations
or continuous water stage recording is performed. In the majority
of stations water was sampled every day {at some of the stations
the sampling is every two to five days) from a depth of 1 m and
invariantly at the same site.

Cross section measurements of the suspended sediment concentration
and the water velocity were carried out from a few to over ten
times a year. Then the sampling was done at every other depth
gauging point inclusive of the midstream and the nearest bank
points. In case of an even number of points more sampling

points were chosen in the midstream. At every bathymetric point
samples were withdrawn at 0.2, 0.4, and at 0.8 of the depth. As
the locad measurements were completed, a single reference sample
was collected at the site of constant sampling.

The Swedish sampling method was compared with the Finnish method
in two rivers in Finland. The results showed that the Swedish
sampler gave a 2 % higher concentration than the Finnish one in
one river, and in the other river the samplers gave almosgt the
same values within the concentration range investigated. Compari-
sons with the Polish method have not vet been performed.

9.3.2 Methods of analysing

In Finland the analysis followed S8FS~3037 standard methods
(SIS-02811%, Wartiovaara 1978). This means that a water sample
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of 50-100 ml was filtrated through Whatman GFC 45 filter with a
pore size of 1 micron. The filter was then dried in 105°C. The
amount of material was obtained by the difference of weight before
and after filtering.

In the Swedish IHD-proiject the whole water sample was filtrated
through™a membrane filter of 100 mm diameter with a pore size

of 0.05 microns (Nilsson 1971). The material was washed down to

a crucible and dried at 105°C. After cooling in a dessicator,
during 2 hours the material was weighted on an analytical balance
with 0.1 mg accuracy. The concentration of the sample was then

adjusted to mg/l.

In Poland and in the USSR the water samples were filtrated through
no. 389 paper filters of the GDR make having 1805 mm in diameter,
medium wide pores and medium fast filtering capacity and degigned
for crystalline deposits. The value of the suspended sediment
concentration per unit volume was found from the difference in

- weight of the filter prior to and after filtration, followed by

drying at a temperature of 1059C and weighed on an analytical
balance with 0.1 mg accuracy. In view of an increasing measurement
error with lower water turbidity, a principle mandatory in the
USSR, according to which at P > 100 mg/l the minimum sample volume
is 1 liter, for 50< P < 120 mg/l the corresponding value is 2
liters, for 20 < P < 50 mg/l it is 5 liters and for P < 20 mg/l

a sample volume of 10 liters is needed (Paslawski 1973). Th%s is
a very accurate method, but the disadvantage is the increasing
costs. Furthermore it is difficult to determine the concentration
of the water during the sampling and thus also to determine the

sample volume.

The analysing methods were calibrated between laboratories in
Denmark, Finland and Sweden. Sediment samples were prepared in

a recirculating flume at the laboratory of the Department of
Physical Geography, University of Uppsala. During one hour the
water was fed by material ranging in size between 100 - 5 microns.
After the feeding was stopped the suspended sediment concentration
and the median grain size decreased along the time until an
equilibrium was established. During that time samples were
collected every other minute. Samples no 1, 7, 13, ... 31 and Z,
8, 14 ... 32 and so on were sent to laboratories in Denmark,
Finland and Sweden. The sample volumes were ranging between

400 -~ 502 ml.

According to the values from the different laboratories there

were no relation between the obtained deviations from the expected
values and grain size. Fig.9.2. shows the relation between the
expected values (dashed line) and those obtained by the different
laboratories. In this case the results from Denmark (Z2) and
Finland (3) show tdo high concentrations. The Swedish laboratories
no 4 and 5 using the IHD analysing method described, gave results
rather near the expected yalueso
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9.2 Intercalibration of analyses of suspended inorganic sediment.

Dashed line shows the expected values. Line 1, 4 and 5 are the
results from Swedish laboratories, line 2 from Danish and line

3 from Finnish laboratory
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9.3.3 Data processing

The processing of data from Finland is described by Wartiovaara
(1975, 1978). A regression analysis using the formula

T = a + bhQ + cQ2

where T is mass transport, a, b and ¢ are coefficients and Q is
daily mean water discharge was carried out for every river
investigated. The annual load of material was obtained by adding
the daily amounts.

A second method to estimate the annual discharge was based on

the annual means of concentration and runoff. In a third method
the water gquality was weighted in relation to length of intervals
between the water guality observations. The concentration was
weighted by the total runoff recorded during the period represen-
ted by each quality observation.

The mass digscharge values calculated by these three different
methods were very similar for dissolved matters. However, the
discharge values of suspended matter could deviate with more

than 130 % in single rivers.

In Sweden a regression alaysis between water discharge and mass
transport was established for every river investigated. Suspended
sediment discharge rating curves were constructed. Using the
power function .

T = aQb

where T is mass transport, @ is the daily mean water discharge,

a and b are coefficients. These curves were used in order to
calculate the mass transport during days when no data on sediment
concentration were available. The daily transport amounts were
calculated and summed every month (Nilsson 1972).

In Poland and in the USSR with their dense sample frequency the
interpolation in time was easier and the mass transport probably

wore accurately determined. Having found the daily suspended

sediment concentration, the daily mass transport was evaluated
using the formula

- -3
Ti = 10 (iQi

where C, is the daily suspended sediment concentration in g/m3,
Q4 is the rate of mean water flow in m”/s, and T, is the mass

transport rate in g/s. The value of mean monthly transport and
the mean annual transport were evaluated as an arithmetic mean:

n
T = ZTi/n i

i=1

where n is the number of days in a month or in a vyear.
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The mean monthly or annual suspended sediment concentration were
calculated as weighted means, in which the weights are the rate
of daily water flow, from the formula:

¢ = 103 T/Q

The monthly values of the suspended sediment transport, R, in
tonnes, were evaluated using the expression

R = 86,4 %S: T

i=1

As the suspended sediment concentrations were found from the
analysis of single water samples, a correction should be made in
the form of a coefficient k calculated from the relation hetween
the mean suspended sediment concentration at the hydrometric
crosg section, C , and the concentration at the site of

ordinary sampling, Cp, viz.

c._ = kC
W P

Finally the values of the suspended sediment characteristics were
obtained by multiplying T, C, and R by the k-coefficient which

was determined for individual bathymetric stations and was updated
every vear.

Besides the use of sediment discharge rating curves the Polisgh

and Swedish methods are rather similar. However, in Sweden it

was found that the k-coefficient varies almost along the range

of water discharge. Any safe relationships have not yet been found.
Therefore the Swedish mass transport values are not yet corrected
for representativity deficiencies of the conditions at the
ordinary sampling point in relation to the conditions at the

whole cross section. Due to this fact the Swedigh daily transport
values were estimated within * 10 ¢ accuracy, At some stations the

o,

correction of the transport should be about = 206 % (Nilsson 1972).

9.4, CALCULATION OF INPUT OF SUSPENDED
MATTERS INTO THE BALTIC SEA

9.4.1. Pilot study

As mentioned before the calculation technigques differ between

Finland/Sweden and Poland/USSR. In order to make the transport
values from Finland and Sweden comparable the basic data from

Finland were calculated with the Swedish method. This was not
hecause the Swedish method was considered to be more accurate

but simply because of the fact that Swedish computer routines

waere available.

2 . 3 +
If the correlation (r“) obtained from the regression analysis was
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less than 0.5, the transport estimations were carried out by means
of linear interpolation. This method was used for the estimates

of the rivers Karsjaanijoki, Kokem#enjoki and Oulujoki. In some
cases one sample was considered to be representative for a whole
month. The transport during that month was then calculated as the
sum of the monthly mean water discharge multiplied by the
concentration and the time.

The transport estimations from areas where no data were available
are rather rough (Nilsson 1976). In the northern part of Sweden
it was possible to take into certain consideration different
soil regions and land use. The areal transport from similar
basins was then applied to the unmeasured areas. In Finland the
mean areal transport of the surrounding rivers was applied
directly to the unmeasured area. This measure is not good as,
for instance, the drainage area of some of the adjacent rivers
included large lake areas, while the unmeasured areas often were
small areag, located along the coast between the mouthg of the
main rivers, and had very few lakes.

In the southern part of Sweden the welghted mean concentration
of the rivers Hargsén, Eman, MOrrumsdn, ROnnead and Viskan, and
the annual mean water discharge from the different areas,

calculated by Mikulski (1975), were applied to the unmeasured

coast regions. The two large drainage bagsins, Midlaren-Norrstridm
and Motalastr®m, include large lakes acting as sediment traps
close to the outlets of the basing. The mean annual concentration

of those two rivers was estimated to 7 ppm.

The unmeasured areas were named "coast region" even if they
included rivers with a drainage area amounting to 6000 km# of
size. The mass transport of the river Torne dlv which constitutes
the border between Finland and Sweden is based on Swedish data.

For the calculation of the suspended load into the individual
basins of the southern Baltic a method was used which assumes

a linear relation of the mass trangport rate and the unit
discharge for semiannual and annual periods within the subbasins
under study. Averaged values of the annual totals of the
suspended load collected for a multi-year period were taken. As
the pilot study extended from July 1975 till December 1976, the
contribution of the half year in the entire year transport value
was evaluated for individual subbasins, i.e.

_ ;EIRVII—XII
A g

I-XIT

On the basis of the multi-year data it was found that the
contribution varied from 0.2 to 0.4% increasing from NE toward
SW. The highest value of 0.49 was attained in the Parseta river
basin.

In turn the coefficient KQ was evaluated for the Julv-December
half year of 1975 and for*the year 1976 (I-XII 1976) as
follows:
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MQ (PS VII-XIL 1975)

Q M (VII=XIT 1956-70)

Q

and a corresponding expression for 1976.

Accordingly the suspended sediment transport from the subbasins
under consgideration during the pilot study could be evaluated as:

RPS = R KR KQ

Data from the underscored stations in Table 9.1 were used in
these calculations. The results of the calculations of the input
to the Baltic durxing the Pilot Study Year are summarized in
Table 9.2,

Because of uneven distribution of the gauging network, unegual
sampling freguency and to some simplifications in the calculations
that had to be made,the accuracy of the results obtained differs
from region to region. For instance the egtimates from the
unmeasured areas, coast regions, of Sweden and especially those
of Finland could certainly be more reasonably estimated by means
of better knowledge ©f the physical conditions of the areas.

The estimates are however considered to be reasonable.

The mass transport values of the year 1976 are very low depending
on very low runoff.

9.4.2 TInput of material during the period 1961-70

There are very few data published on sediment transport in
Finnish rivers during the period 1961~70. By using the data
published for the years 1970-72 and 1974-76 {(Wartiovaara 1975;
1978), an attempt was made to estimate the transport. The

sediment transport of different rivers displays guite wvarying
dependence on streamflow conditions. Because of this fact, a
method was used in which different river transport characteristics
were considered.

Values on denudation (t/kmz) were plotted versus runoff for the
rivers of each subbasin of the Baltic. The annual mean water
discharge for 1961~70, calculated by Mikulski (7975), was then
used to estimate the denudation. As the water discharge was
calculated for four representative rivers (Kalajoki and Kemijoki
representing the discharge to the Bothnian Bay, Kokemdenjoki to
the Bothnian Sea and Kymijoki to the Gulf of Finland), the water
digcharges of these rivers were distributed to the other rivers
acgording to drainage area. The annual mean water discharges
(m”/s) thus obtained were then transformed to the specific annual
runoff (1/s km?). The denudation from each river basin could then
be estimated from the plot of the river in study. If the runoff
values fell outside the plotted range, the denudation was obtained
by means of linear extrapolation.

Table 9.2
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Input of suspended matters to the Baltic Sea during the Pilot Study Year

July 1975 -~ December 1976.

Subbasin

1. Bothnian
Bay

2. Bothnian
Sesia

3. Gulf of
Finland

4, Gulf of
"Riga

5. Baltic
Proper

6. Danish
Straits

7. Kattegat

1 - 7 Total

Baltic

Year

Jul,
Dec.

Jul.

Jul.
Dec.

Jul.

Jul.
Bec.

Jul.

Jul.
Dec.

Jul,

'75
'76
V77

Y75

176

77
175
'76
77

'75

76

'77
'75
'76
Y77

'75

76

'77
'75
'76
'77

'75

76

'77

Drainag
area km

269 950

229 700

419 200

127 400

568 973

27 360

106 010

1 721 233

Contribution from countries (103 tons)
Denmark Sweden Finland USSR Poland GDR

-2

180
580
190

550

95
90

20
100
170
570
1410

140
183
45
68
42

41

227
292

96

492

81

510

300

400

477

1402

600

1900

600

1900

—-150

18

-168

FRG Total
- 320
- 763
- 235
- 618
- 138

- 533

- 510
- 1055

- 2540

-~ 100
- 170
- 1946

- 5172




~114-

The same technigue was applied to the Swedish data. The temporal
extrapolations extended however only between the years 19671-66.
The transport values from the river Angermanilven were available
for the whole period (Nilsson 1974). The transport from the
uniteasured areas was estimated in the same way ag for the pilot
study. :

The transport from the Danish islands and from Jylland to the
Baltic Sea and to Kattegat was difficult to estimate. Irregular
measurements in nine small rivers on S5jdlland gave transport
values ranging between 5 ~ 20 kg/day and ke Taking the diffevent
water discharges during the investjgation into consideration, an
estimate of about 15 kq/dgy and km“, or in rcocund number an annual
transport of about 6 t/km¥, seems to be a reascnable value fox

the mass transport condition on Sjdlland. This estimate could

also be valid for the condjtions of the rest of the islands, i.e.
an area of about 12,008 km“.

In Jylland some investigations during 1969-74 gave sediment
discharge amounts ranging between 10 ~ 27 &/km* in rivers
discharging to the North Sea {(Hasholt 1974, HOst-Madsen and Edens
1974) . These values seem to be too high compared to the Swedish
river Viskan, which in the lower part of its drainage basin flows
through soils rather similar to the soils of Jylland. Annual mean
trangport during the years 1967-77 of the river Viskan was 7.3
t/km*. Taking into account the soil distribution of the Viskan
bagin, with 20 % exposed bedrock and 40 % till which is compara-
tively resistant to erosion, the contribution from the rest of
the basin to the total transport would be about 17 t/km“. This
amount was considered to ke a reasonable value of the annual
transport from Jylland.

Rough esgtimates of the areas of the different drainage hasins
were made. According to these estimates, about 1,000 km” of the
area is drained to the Baltic, 9,000 km* to the Belt Sea and 5
2,000 ke to Rattegat; from Jylland water from about 2Z,0C0 km”
is discharged to the Belt Sea and from aboul 6,000 km? to Rattegat.

For the calculation of the mean annual suspended sediment transport
for individual rivers of the southern and eastern parts of the
drainage basin of the Baltic Sea, data from various sources were
used (Branski 1974, 1975; IAHS 1974; Lisitsina and Aleksandroéva
1972: Iwoviec 1971; GGILI 1975-76; Mikulski 1975). ‘This refers to

the rivers on which the transport is gauged. The data are rather
inconsistent and collected in different periods. Most of the data
come from the years 1950-70. "

In collecting the supplementary data for the areas for which no
information was available, the following approach was made:

1. for a portion of the drainage basin_of the Gulf of Finland,
a unit denudation index (M, in t/km“ vear) was evaluated
after Lisitsina and Aleksandrdva (1972)

3.3

= 0
MR 0.005 MQ

where M. is the specific annual runoff in 1/s km”.

Q
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The M? value was found from the data according to Mikulski
(19757,

B

for the drainage basing of the Baltic for which the measurements
do not cover the entire drainage area under study, the MR value
for the missing area was estimated from the gauged basin, i.e.

M =S5 RA /2 A

Ri{basin)

The difference between the drainage area considered and the
gauged drainage area was multiplied by the MR value found.

3. as concerns the drainage basin of the Baltic proper, on the
GDR territory and on the Belt Sea area, as well as that on
the GDR and FRG territories calculation of the unit denudation
index Mr was based on the analogy to the western part of the
Pommeranian Lake Country in Poland, i.e. to the basins of
the Rega, Parseta and Wieprza rivers according to

2URA (Rega + Parseta + Wieprza)

M =
R -EZA (Rega + Parseta + Wieprza)

The results of all the calculations of the input of suspended

matters to the Baltic Sea during the decade 1961-70 are summarized
in the Main Table 10.

9.4.3 Discusgion of the results

Due to very unevenly distribuated measurements, geographically as
well as in time, an estimation of the total suspended transport
to the Baltic must have a limited accuracy.

From some regions no transport data were availlable at all and

from other regionsg there were data series of one to twenty years
of length. Besides the poor network and data series for different
periods of time, also the fact that many power plants were
constructed during 1960's, implying a complete change of transport
conditions, contributed in making the estimation of the mass
transport a mere guesswork. Furthermore, the techniques of
sampling, of analysing and of data evaluation often varied from
one investigation to an other.

Certainly some intercalibrations of methods were carried out in
Denmark, Finland and Sweden. Still a lot of work remains to be
done before the calibrations are statistically proved.

According to the estimates'given the total input of suspended
matters to the letic is in order of 7.5 million tons a year.
The input per km® is from Dgnmark 8.4 t/km“, from Poland 6.7
t/km«, from Swedepn 4.5 t/km“*, from Finland 4.0 t/km“ and from
the USSR 3.6 t/km~.
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Though sligthly disturbed by the large lake areas of middle
sweden, central Finland and of the Neva drainage basin, the
geographical pattern of the denudation in the individual river
basing shows an increase from the north to the south. In view
of this fact, the estimated denudation of Denmark, which is
high, might be rather reasonable.
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Chapter 10

CALCULATED FRESHWATER BUDGET OF THE BALTIC AS A SYSTEM
7dzislaw Mikulski (Sweden) and Malin Falkenmark (Sweden)

10.1. INTRODUCTION

As described in Chapter 3, the basic aim of the Baltic Sea project
was to arrive at separate determination of all the individual
water balance elements for the joint "historical" time period,
1951-7¢., This effort would give homogenous and mutually comparable
data and would better reflect the water balance in its various
detalls than earlier studies which have had to operate with data
for different time periods, i.e. non-homogenous data. By comparing
the long term averages of the individual elements and their relations,
earlier conclusions could be cheked for reliability. Interannual
variations between years of different character could be studied.
This would give a good idea also of various extreme conditions in
the Baltic system.

The main part of the study was to be based on monthly averadges
of the different water balance elementsg. During the 18-month-
period of intensified synchronous studies, the so-called Pilot
Study Year (July 1975 -~ December 1976), some elements were even
analysed on a day-by-day basis. During the pilot study, the
closing error should be evaluated, and the basic phenomena
characterizing the water exchange through the Danish Straits be
illuminated.

By basing all the element studies on a regional differentiation

of the Baltic, composed of five different subbasins inside the
thresholds in the Danish straits, and two additional areas in

the transitional estuary region, a deeper understanding should be
arrived at. Conditions in the different subregions or subbasins
could be compared, and an increased understanding achieved of the
water renewal of the different parts of the Baltic. The conditions
should be studied both as long-term average conditions, and as
conditions during extreme yvears and extreme monthly situations

on the whole.

The studies performed on the individual elements have been reported
in some detail in the earlier chapters 4-9 of this International
Summary Report. In this chapter, the whole budget will be discussed
and analyzed.

For easy reference, the finél data on water balance elements are
exposed in a separate data annex to this report, according to
the following key table {(Table 10.1).
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Table 10.1 Key table on data for the individual water balance

elements
Legend: Main Tables are marked with an M, text tables with
a T
Element Time period and systen
Reference period Historical period Pilot study year
193160 1951~70
entire entire entire
subbasins system subbasing system  subbasins system
Precipltation M5 M5 MG M6 T5.4 T5.4
Bvaporation M7* M7 M8 M8 Te.4d 6.4
River inflow M3 M4 M4 T4.1 T4.1
Water volume changes - - M9 Mg - -

- TE.1

Net water exchanges - -

Suspended sediments - - T9.3 - T9.2 -
Digssclved transport
Water balance components - T10.2 M11 M11 - T1C.4

* period 1862-1978

The Group of Experts already in 1971 decided that homggenous
data on all water balance elements should be compiled.zor two

ten year periods (1951-60, 1961~7C). It was also c9n51dered
desirable to extend the analyses to the climatological 30-year .
reference period of WMO 1931-60. When the joint work had started,
it turned out that long series are possible to bring together for
certain elements {precipitation, runoff), whereas for others
difficulties emerged already with the two historical decades.
This was the case for evaporation, for exchange with the North
Sea and for suspended substances.

For certain elements, data are available also for periodg others
than those reproduced in the present report. The reader is ‘
referred to the full reports of the element coordinators in this
respect. For instance, a 55 year data series is now ayallable
for river inflow, and a 100 year average for evaporation
(although not homogeneous with the other elements) .

i - - 6), monthly
For the Pilot Study Year (July 1975 December 1?7 '
data were gathered on a continuous hasis, 1nqlud1ng water exchange
through cooperation with the panish Belt Project.
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10.2 LONG TERM AVERAGE CONDITIONS
10.2.1 Average annual water budget of the Baltic as a system

In bringing together the different long-term averages for the

main elements of the water balance of the Baltic Sea, the seven
riparian countries have made possible a thorough analysis of
homogenous data. Comparisons can NOW be made with earlier studies,
which have to this point of time been considered as "classical”
water balance data of the Baltic Sea, and used as a basis for a
considerable amount of ecological and oceanographical studies of
the Baltic.

Water balance of the historical period 1951-70

The elements of the freshwater balance of the Baltic Sea, for
subbasins 1-5 and 1-6 respectively, averaged over the 20-year
veriod 1951-70, ar= exhibited in Table 10.2. Setting

the net freshwater inflow Q, = P - E + L to areas 1-~5 at 100 %
{476 km3/yr), it could be s&en that this inflow 1is composed of

a horisontal component of 436 km™, coming from the drainage basin
and cgrried by the rivers (92 %), and a vertical component of

40 km” or & %._The latter forms the diffgrence between precipi-
tation (224 km3) and evaporation (184 km°).

Of the net freshwater inflow, 99 % is reflected as net freshwater
outflow and 1 % is kept in temporary storage in the Baltic. It
could be seen that precipitation dominates over evaporation (22 %
higher), and that the river inflow is the dominating source of
freshwater (92 % of the net freshwater input). The fact that the
storage change during the period is so low, is explained by the
averaging over 20 years with variable storage conditions,

Average sea level for the period 1951-70 was ~7.8 cm. Highest
annual mean level (3.4 cm occurred in 1967, a wet year, see helow)
and the lowest (-17.4 cm) in 1960. Amplitude of average annual
level was accordingly 20.8 cm,

Reference pericd 1931-60

Table 10.2 also allows a direct comparison between the historical
Z0~vear period and the 30-year reference period 1931~60. The
differences are quite moderate {(less than 6 %) and vary in size:
whereas precipitation was 6 % larger during the reference period,
the river inflow was 2 % lower. It might be recalled that the
period 1931-60 is considered to be a rather dry 30-year period,
at least in Sweden. The storage change has been assumed to even
out totally for the 30~year period, as a working hypothesis. The
higher net freshwater input is reflected in a somewhat higher net
ocutfiow.
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Table 10.2. Water balance components (kmgf'r)
' e % Y

Without Belt Sea and Kattegat Without Rattegat
(-5 . {(1~6} -
A = 372 658 km* A = 397 979 k'
1951=7C 1931-60  Brogmus 195170 1931-60  Brogous

Precipitation P 224 237 172 7T % =39 250 183
Bvaporation E 184 (184) 172 93 % 193 195 * 183
River inflow L 436 428 72108 % 444 436 479
Net freshwater input 476 481 472 99 % 490 491 47
QO =P~ E+ L

Storage change VAN v 5 2 3 + 5 G 0
Net outflow 471 487 472 100 % 485 497 479
Qo - AV = Mo M

* Longterm average 1868~1978. From Henning (1985)

Comparison with earliex water balance estimates

The standard values generally used by oceanographers during the
last 30 years are those of Brogmus (1952), also exhibited in Table
10.2. A comparison shows that, for regions 1-5, precipitation has
been underestimated by some 23%. Also evaporation has bheen under-
estimated by about 7%. About 2% of those 23 and 7% respectively are
due to sea area differences in the calculations. It is interesiting
to note that the remaining underestimations took place in spite of
the fact that Brogmus used data from the wet 20's. His working
hypothesis was that precipitation and evaporation evened out to a
vertical balance term of zero. The large underestimation of the
precipitation in the past 1s due to a missing correction of precipi-
tation observations for the aerocdynamic deficit, introduced by the
measuring device itself.

The evaporation determinations made by Henning (19853) show that,
although the basic hypothesis of Borgmus was bad, the estimated
value in itself turned out to be rather realistic. It should be
stressed, though, that the present estimate still remains
unprecise; the pilot study year in fact provides the main data
core from which extrapolation backwards in time has taken place
as earlier indicated (Chapter 6).

Tp Table 10.3 the historical development of water balance
estimations is demonstrated. The table indicates that, although
the estimate of Spethman (1912) and Witting (1919) of the net freshwater

inflow was larger than the final IHD/THP values, they still
Witting's estimate of

underestimated the precipitation heavily.
evaporation 1is duite acceptable, however.

Water balance of the Baltic Sea/aftey different duthors

Table 10.3

A= 372 858 kn® 1-5

-~50)

2

A= 392 979 km” 1-6

/e (1931

A= 365 000 hnz

b

Brogmis {1952
A= 386 000 Jm

333)

Sckolovsky (1
375 000 Jm

)

b

386 000 Jm

Witting {1918,

A

(1312]

A= 406 720 km

Spethmann

b

A= 431 000 Jan

Kriimmnel (1904
water balance

Elements of

237 a2

636
493

17.5
13
30

637
497

15
i5

v
172
472

471
£71

13
13
34

183

183

474
474

211 32

550

500

31

565 206
498 182
{1278} 467

26

163
80

400

42

{237)
(80}
333

Precipitation /B/ 5530

16
37

84

428

195
436

30

‘68

193
440

27

(197

14
58

Evaporation /E/ 183
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1147

110

1290 42.5

79

1240

1172

69

467 74

(1150}

River inflow /L/ {773}
Net freshwater
inflow

481

1290

472 42.5 491 34
(1920} (755}

1290

70 1240 479 34
(1910} 737

73 1222 458

491

1345

550 a7

1353

490 86

1140

QO=P—E+L

42

£1290} (481

52.5

472y  42.5

{1290

53

Inflow from the

M

Noerth Sea

84

{3170) (1248) &7 (2580} {962}

85

(944)

87 (2580}

{3150} {1216)

Outflow to the

North Sea

a/

Balance total

00

100 3624 1399 100 3051 1116 160 3667 1441 100 3073 1146

651

100 1722

673

E+B 1223 570 100 1550 630 100 1843

P+L + M

* Evaporation 1862 - 78
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10,2.2 Interannual Ffluctuations

Benefitting from the fact that data on both river inflow and sez . P-E Verticalinput

volume increments are now available also for the individual ] 100[—km?

years of the historical period 1951-70 - see the full repor o . -t r rr—r mr— 3§ 1 11 {1 1 1 f T T T 3 - T 71T 1
the elewment cooxdinatocrs On these two elements (Mikulski 19287, | 52 54 56 58 60 62 64 66 68 70 72 74
Lazarenko 1980} - the interannual [luctuations of the water balance - L. Horisontal input

could be studied at least approximately {(Fig. 10.1}. As annual * 500 —km?3

data are unfortunately missing on both precipitation and evaporation, it has :
been assuned %hat precipitation exceeds evaporaticn with on the ? 400
average 40 kn”/vr. This is a very crude assumption, though, because :

in dry vears evaporation tends to be markedly above average (cf 3 300 ™
section 10.3.2}), while in wet years evaporaiticn remains siqnificantéy : 200
below average values. " ' 1

160 —

The water volume increment from one year to the
between an increase of over &0 km? and a decrease of
when added up for subbasios 1-5 {Lazarenko 1980). The : Q, Net freshwater input
river inflow, during the individual yegrs of the 20 year period, : 600 —km?3
Fluctuated between a minimum of 360 km” (1969) and & maximum of .
511 (1967), if.e. within an interval of plus 17 around . 500 —
the average. . means that the freshwater L . haa fed : 400
petwean & m wm of 400 and o maximum of 550 km?. We may conclude E
that the Freshwater outflow haes varied between about 250 and 600 . 300~
km~, or bhetween 54 % and 127 % of the average. :

200 -

S

From the interannual course of storage change ( ZAVY and net . 100 —
outflow {0 —~ M), exhibited in Fig. 10.1, we can see that large g
net outflows have generally occurred in combination with negative
sea volume increments. In other words, the large outflows have

been partly composed of a contribution released from the sea i
storage. Also the opposite is true: the years 1957 and 1960, when ? 200 —km?
the net outflow took on its lowest values during the zi-year R . 100
previod, the storage increased in the Baltic with around 160 km~ : rm_r—~
on both occasions. Certain years, morve than 40 % of the river v - —t e [ ] — 11—

inflow may remain in storage, whereas during other vears, & saa - 100 - L MMJ L]

add to the outflow, { -200—

52 54 56 58 60 62 64 66 68 . 70 72 74
sV Storage change

water storage release corresponding to 40 % of the inflow may

Studying the river inflow during the different years (cf Fig. 4.1.}, it Q,~ aV Calculated freshwater outflow = net outflow
can be seen that wet years were 1953, 1958, 1962 and 1967. Dry é 600 —km?
were on the other hand the years 1959, 1%6C, 1963, 1964 and 1969. ,
From Fig. 19.1 we can see that years with low net outflow were : 500
1951 and 1960, whereas the net outflow culminated in 1952, 1958 -

: 4001
and 1968. [H

300
Tn conclusion, there are considerable differences between
individual years both in the relations between individual elenments _ 200 —
and in the water volumes involved in the water balance. When : 100 b~
averaging over a long-term period, these differences are wiped out. ]
such extreme conditions as can be seen during individual years 1 5o ”
evidently influence the ecological situation in the Baltic system 56 58 60 62 64 686 68 70 72 74
considerably. Therefore, the water balance should be continuously ‘ }
monitored. |

10.1 Composition of water balance for Baltic Sea (subbasins 1-5)

o o . . . . ) . Interannual £lu i - i ;
Before ending this discussion on interannual fluctuations, we may ctuations 1951 75. Vertical input, see text

observe that the two most extreme years of the Z0-year period ig
rerms of river inflow were 1967 {inflow Lo gubbasinsg 1-5 5@? km~)
and 1969 (inflow 36C km”). However, 1t turns out that the pilot




yvear 1976 was even drier, with a river inflow close to two
standard deviations beneath the long term average (Jacchsen 1980) .
We will therefore come bagk later on the analysis of extreme
conditions in terms of water balance elements and their relations.

10.2.3 Seasonal variations of water balance elements

Individual elements

The water balance elements, averaged for the pericd 1951-7C,
month by month, are given in Main table 11 and Fig. 10.Za. It
could be seen that the precipitation culminates during July-
September and has its minimum in March-April.

The evaporation exhibits a somewhat revolutionary difference in
relation to land: the evaporation is high during September-
December and low April-June, i.e. 2-3 months phase difference
relative to precipitation.

‘he seasonal variation in sea water retention {sea volume increment)
shows a systematic release of retained water during the winter months
January-March, whereas water 1is retained in the Baltic during Aprilm
July with maeximum retention in July. During the autumn, conditions
are less regular, due to autumn storms.

Annual course of the total water kalance

The annual course of the total water balance is shown in

Fig. 10.%Zb, visualizing the size of the water masses in movement
in the Baltic sea during different parts of the year. During
autumn and winter (Oct.-Jan.), evaporation predominates over
rainfall, certainly promoting a decrease in storage. A temporary
water storace in December decreases the net water outflow during
this month. However, in spring, the considerable increase in
river inflow with maximum in May, causges in this month the
highest value of net water outflow. The low evaporation and the
low storage change promotes this development.

The net outflow similarly culminates in the spring when water
storage is quite inactive. The opposite configuration is observed
in July, when the freshwater outflow is practically zero due to
large scale water retention in the Baltic Sea. A complementary
combination takes place during winter months (Jan.-March) when
the cutflow receives a large contribution from released water,
stored in the sea from the preceding summer and autumn.

The net water outflow varies between 1 and 70 km3 with minimum
by summer culmination and maximum in May. The most extreme
feature during the average year is indeed the summer culmination
in July, when all water is retained as water storage.

-125-

80— km? —
aV
_ ® :
7
[ — 4P
60 Al - S5 H-M
- — I
40T I
2011 Z ; N0 7
vkl
0 7R% w707 % Z ] 1/ freshwater input
l{ ”~ HHRIRIH l [l freshwater output
~20 i l
F J FMAMJI I A S O ND
40 -km3
20~ T ‘
o H = % - % storage retention aV
@ % storage release -aV
«20 l
| ®
80 km Total wattenbalance
60— =3 = = =in
a0 F __% % =
= A |
20+ 7=07 7
o 7=0%iBZ % A
A 72w ol ol 7
A7 Al AlLANL 7 %
J F J J A S O D

10.2 Annual course of the water balance of subbasins 1-5 (Average
conditions 1951
a) Water balance elements
b} Total water balance

- 70)




R

m‘izcz\--
15.3 j<3:
.3. SHORT TERM
VARIATIONS OF THE WATE B e
R BALANCE § g EEREN o -
84 S8 3 2 K N ©
10,3 : ” - uwy o n
.1 Pilot study year . c 2
.d' oW o~ o o
380 | s8¢ X < | o8
Thanks + - - e’ T
. o the ind o ~ - ™
individ ependent o - o4 @ °
July idual water balance and synchronous e 3 SE5 B I R
this pe 5 ~ December 197ee ements during theafgrements of all th © ~ g 23 -
= ' : \ - - =
during g;og,of time. Evapérgg?d precision data month period © o 5 d < > - 5 =
evaporatignlgr periods. The e;i? wasg much betteire iyailable for oo = § 8%
(Balti or at leas ‘ imated accu estimated than o NN - o
to bzliiif9per and the Eczgi_entire Balticrzgg gi the monthlyan : > NN oo 2 o o <
: Py ~ g [ad
hin plus or minus Slgﬁ Sea) was (in Cha i large subbasins ;i M 0 w0 o P
Within the Danis} E pter 6) assumed > ol o&z' 2 o -
th > Danish Bel ; ; e < %
me:ggransport throughttgrOject, efforts wer y o~ _ ' e
e Lemente. jowever, he ohish Straits °re made to determine ) R &4 ~ i % o
net o tiated the extreme S_lnffOrmatiOn gainedugh direct current [ ~ o~ ! B &
of anuoqéiglfrom direct me;iflculty in estimatfhrough this study 5 S @ w “ o - .
= ating f£lui urements, i ng the long- - o =
cone ) g fluid , ¢ l.oe, ng-ter T
water balance tha et outflow was mo ion. It was e ¥ K 3 o
The sea wat n from direct measuis reliably determined _ - o 2
. water . ments - 0 n
d . retenti {Chapt = o n - :
(gflng this period Ofon was also followed wi pter 8). 8 o < 2
hapter 7) 18 month with gr |
° s, when daily valg eat accuracy ™ oo -
; ' ues were > - : ' =
In i rec - ~ o
dividual elements orded 5 T 2=
The monthl . oo @ - .
£ dat - [ L T . - U
+o ,y a for ; L ™ © )
gether in Table 10 Zhe individual element = e e . : $ ¥
The . 4 and are gio Sioments have been brought H SR o < | Ly
rhe precipitation vari in Fig. 10.3a == a S v @
in December 1976 sziled between 7 and 3 ; . "~ o J, o~
ith minimum i 3 km~/ = - o © . m
in month . . : * - ©
‘fhe river inflow £l February 1976. r Culmlnatlng 3 ™ g = g§
e s a 2 ]
owest inflow in NOVgiﬁated between 23 and 50 km® : - S : o 3 G
The ova er 1976 and the highestkm /month with N 2 K 3$
. = POratiOn f1 in May 19 s
minimuam 3 uctuated 76 . _
month i May 1976 and betWeen 4 and al a o A - I ® o
s both maximum j most 40 k 3 i " ® o . : ~
balance yvears, the high e in October 1976 m”/month with - - o © 83
. vaporatiOn prOduCeé gurlng autumn E ~ @ ™ - b
The net f egative vertic 5 RN " °
resh , al £~ 0 ~ < - U
Ma - water in . a - - Y
cva 1976 and a net 1 flow varied betwee - l Te
vaporation d net loss of 3 km” i n almost 60 km° 85 o Mo
and river inf]o_mlnated over the f in October 1976, wh m~/month in s 5 RN, N - o o
ow added together resh water input’froin the large 9 8 N o - ¥ € g
The sea water . precipitation b g ® R ) © e g
releas volume chan ¢ § RER 8 = | d¢ 1%
and 1 es. Largest Monthl Jes alternated between ¥ ? H o <« © ~ o b 2
Sy argest release of q{ storage increase was 1Stora es and g m 8 i g s ~ - N
® atored sea water was 213 ]16 km (D@C. 1975) _"_.; g ~ n o oo -
m” in Feb . ¢ @~ & B < ) g
When com i ebruary o 2 n o o « ~ - 0 =9
comparing the e fs 7 228 < ; A
conditions, the 1 se fll}ctuations with 5 A E x - o N3 5 A
are clearly i arge divergenc the long-ter wu 8 3 ~ 5 S o 5
y illustrated. The es characterizing i m average o 2. 3 a8 . _
regular course with individual years - g o e iy 5 B4 > e u o T &
storage A 8 g " 9 & E h . g o wm o
2 5 B om = 98 d g E 0 1]
S ERE 2y EEE | % s | 3 =8 A
B b .J§ i £ g 58 e o v & g e &
o el g~ [CR T w4 o Y ola D
H g a8 oo v & > o 2 € o 3 <8 =
il EEi | sEs ) BE o &
n g cf: 2




~ 128~ -129-

predominating in summertime, and release predominating during

winter does not hold for this period. There were large releases ? (® km’ 1975 1976
in both February and October 1976, and very small storage changes j 80
both summers 1975 and 1976. Large retentions occurxred in Decenber § 40

both vears.
!reshwater Input
freshwater output
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Within the Belt Project which included also the Pilot Study Year,

% %
Danish oceanographers carried out intensive measurements of the { “20r” J M
currents in the Danish Straits (Chapter 8). The measurements : 0=y B JFMAMJIIA °
obtained during this periocd were used to calculate the "observed 100
outflow" and compared with the expected outflow as calculated : 80— -
from the IHP project. The measured outflow turned out to be 5 E
systematicailly lower than the expected outflow, with an accu@ulatod . 60 2
deviation during the Pilot Study Year of the order of 300 km : 401~ =
The large size of the standard deviation of the discharge -~ one ; 20— % = _ % = smmgammMMnMN
order of magnitude larger than its mean value - makes it difficult : 0 B E . E smmgemmamanv
to get reasonable estimates of the long-term net outflow not only ' -20+ % é
from direct current meters but also by indirect determination < 40| &
from lightships observations, or hydrodynamic modelling of the ' o .
discharge in the transition area. The conclusion from the Belt i i 60~ .
Froject was therefore that "long-term mean values are best ; ~80—
determined from the fresh water components of the water balance" : -100}— 1975 1878
(Jacobsen 1980), i.e. hydrolegic water budget studies. 1201
According to Jacobsen in Chapter 8, the net outflow is a function = o
of the time scale. The water movements in the Straits are quite . meor=
complicated, being the end result of a number of driving forces, % ® 1801~ L
out of which the freshwater surplus is Jjust one factor. The size . ~200%~ P
and the directions of the in- and outgoing flows vary with time. . p5o KM :'M
Measurements in the Belts have shown that values are by 10-20 3 : =
higher for hourly averages of discharge than for daily averages. _ =%
Averages over prolonged periods converge to a long-term meanvalue, : 200+ 1975 Eﬂ 1975
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given a staticnary process determined by the water balance eguation.
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Annual course of the total water balance : 150~
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The annual course of the water balance, when combining the input
and the output elements, is exposed in Fig. 10.3b. It is : 100
interesting to note, besides the negative vertical water balance
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auring the autumn months both years (Aug. to Oct.) already r g [ =2
discussed, that the two following months (Nov. and Dec.) have ; 50— =R B
opposite character, with negative vertical balance in 1975 but %ﬁ S | K l
positive in 1976. During five of the 16 months, evaporation was : Ziilz=Rg:: %
even greater than the river inflow (Nov.-Dec. 1975; Sept., Oct., ; . s o J F M A M s O
Dec. 1976}). :

The net outflow was small in summer months both years,

and took on large negative values in late autumn and early winter.
This is egquivalent to large net inflows of water from the North
Sea during thosg months of more than 100 km-” in December 1975,

more than 50 km” in January and December 1976, and just over 30 f 10.3 Water balance during Pilot Study Year (July 1975 - Dec 1976)
km3 in November 1976. : for Baltic Sea {subbasins 1-5}

s a) Water balance elements
During all these months the net inflow from the North Sea resulted ; b) Total water balance

in large amounts of water stored in the sea. On the other hand,
the huge net water outflow in February T9g6 was a contribution
from released storage of more than 200 km




-131-

-130~
100 ~km? M
; B0
10.3.2 Seasonal variations during extreme vears j 60 I
” a0|- - ! ! I I
201 % 7 % *RBZ T
s \ by 7 / ? ; freshwater lnput L.P
If we now compare the conditions during 1976 with the conditions : 0 M “'“lMlM”HMIM freshwater output E
during individual years of the historical period 1951-70, we : —20 - M
note that the river inflow during 1976 was even lower than in . 'ﬁg:kmg J M J JASOND
the driest year of the 20-year historical period. By comparing ' 1967
the two years 1967, which was the wettest year of the 20 year it
period, with 1976 which was an extremely dry year, we may get an 100~
idea of extreme conditions, as summarized in the following table : 8O-
{Table 10.5). . 60—
40—
20—
: 0 = EE =] E sto?’age ratention +aV
Table 10.5. Comparison of extreme years : 20l | % storage release -aV
e e e 8 e e ot e 2 e 1ne et e e : a0
wat dry historical % of historical . 601~
51— el : -80L-
£1867) {(1876) (1951~70) wet dryv ; 200 —km? ®
Precipitation 263 202 224 117 90 . o,
Evaporation (189} 207 184 112 - 150 ‘
River inflow 511 345 436 117 79 - =
Net freshwater input 585 340 476 123 71 100 = [
Storage +94 ~33 + 5 : g = | B = %
Net water outflow 491 405 471 104 86 ; i Lﬁ% : Iﬁ %
* 10 year average 1961-70 from Henning (1985)?) ;l ol s 7
_ . J A MU )
The water balance during 1967 is shown in Fig. 10.4a (elements) .
and Fig. 16.4b (total water balance). Similar illustration for 800 fThem®/ year wot var ®
the dry vear (1976} was already shown in Fig. 10.3a~b. In Fig. i 19;
10.4c a comparison is made between wet vear and dry year water 7001=
balances. i
. ‘ ., 00~ = dry year
buring the wet year, precipitation and river inflow are both 17 % : _ : s EE// 1976
above long-term average. The dry year evaporation is 12 % above . 500 - //
average. The net water outflow is just 4 % above average during : //
the wet year, and 14 % below during the dry year. The sea 00— .
storage contributed about 8 % of the net outfiow during the dry 5 //
year, whereas a water volume corresponding to 18 % of the net I 22 %
outflow was kept in storage when wet year ended, to be later 3001 S %f
released. i s 7
200 - o %
During the wet year, there were two months of net inflow from : L 7 7
the North Sea (March and Oct.) as compared to four months of : 100 |- %,
inflow during the dry year, as already menticoned. For both vears, 7 I //
storage and release from storage alternated during the course of j o % 4%
the year. ' - :

10.4 Water balance during 1967 {(a wet vyear) and comparison of over-

1} By using, as an alterpative, Henning's measured value for the : ; ;
wet year 1977 (163 km™/yr) reality might have been better _ :%1wgiéin§§1§;22 203;aniig :3236) for Baitic Sea (subbasins 1-3)

approximated. The net freshwater input and the net outflow
) . ; b} Total water balance 1967
during the wet year might therefore be underestimated about 5%. : Ci Annual water balance 1967 as compared to 1976
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10.4. REGIONAL DIFFERENTIATION OF THE WATER BUDGET mm

4000 — E

10.4.1. Baltic Sea a cascade of interconnected subsystems

\ , . . . ;:. 3000 s
It is evident from the map in Chapter 2 that the Baltic Sea is : AvV

not a unity but the sum of a number of individual subbasins,
defined by the plan and morphometrty of the whole system. In
this respect one could talk of the Baltic as a cascade of
interconnected subsystems. In this section, the implications of . 2000 —
this fact will be closer analyzed, based on the data in Main - :
Table 11. The water balances as summarized on a monthly basis in . -
Fig. 10.2 is in other words the sum of the balances of the ¢

individual subbasins. : 1000

Hy

N
A\
=
N\

: . *
10.4.2, Hydrological comparison of individual subbasins ii /:45
of the Baltic .

We will start this subbasin analysis by comparing, from a purely : -1000
hydrological viewpoint, the individual subbasins based on data ‘

averaged cover the period 1951-70 (Pig. 10.5a). The diagram ;

indicates the layer thickness in mm when evenly distributed ovex :

the subbasin area. The vertical balance is consistently positive . (:) km
in all subbasins {(of the order of 100-200 mm), largest in Bothnian ? 250
Bay and Bothnian Sea, smallest in Baltic Proper. Both precipita- ; i
tion and evaporation increase to the South, but evaporation more. .
The largest input by river inflow takes place in Gulf of Finland
due to Neva (of the order of 4000 mm). In Baltic Proper the ;
vertical input dominates over the river inflow, basically caused . 200 (—
by the large area. Bothnian Bay receives large amounts of river “
inflow (2800 mm)}, Bothnian Sea and Gulf or Riga about 1000-1500
me/yr.

Fig. 10.5b exhibits the complete endogencus balance elements of 150 |-
the individual subbasins, now expressed in km3/yr, showing that
the net cutflow, formed by the fresh water input to the basin is
practically the same in all subbasing except Gulf of Riga, where |
it is of the orxder of one third of that water mass. The endogenous ' 100 |-
outflow is not extremely large from Baltic Proper in spite of the
large area. This is due to moderate inflow in relation to the
area. The composition of the total water balance in horisontal
and vertical elements shows that the horisontal elements dominate
in all except Baltic Proper, where the vertical elements is of
the same order of magnitude as the horisontal ones. In short,
subbasins 1-4 (Bothnian Bay, Bothnian Sea, Gulf of Finland and
Gulf of Riga} are all throughflow basins already from endogenous
aspects, whereas subbasin 5 {(Baltic Proper) has a more static :
character. ' 1

;7 e
3 4

10.5 ?gg?gen?g? water balance of the individual subbasins {averags

a) Water balance elements
b) Total water balance

3
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in.4.3 Seasonal fluctuations of the endogenous water balance j: km® Bothnian Bay
- 80

Fig. 10.6a~-e demonstrates the regime of the seasonal variations : .
for all the subbasins, when averaged for the 20 year period 1051-70. :
It shows that the subbasins have consistently positive balance even : %) et
when seen on a monthly basins, with the only exception of the Baltic :
Proper in July, which receives a large inflow of water that month.

Two other similar phenomena {(Gulf of Riga in July, Baltic Proper in
December) are so small that they may be within the limits of precision.
It may be recalled that in the combined balance of the whole system,
the net outflow is practically zero for July (cf. Fig. 10.2Db)

LM HIBT

XXX

: . 3 .
During the winter months, the storage change is systematically ki Bothnian Sea

negative in each one of the individual subbasins 1~5, releasing - AU -
stored water to contribute to the outflow. This element is 5 - )
evidently a secundary element in the water balance, .
phenomwenologically determined from the other ones. The diagrams . S0
also show that subbasing 1, 2 and 3 (Bothnian Bay, Bothnian Sea
and Gulf of Finland) are typical throughflow basins during the :
main part of the year due to inflowing large rivers, with the ? 20
horisontal terms dominating over the vertical ones. |

km? Baitic Proper RY,
80—
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Conditions are less recgular in Baltic Proper {subbasin 5}, as é? 10 -
expected. The vertical balance dominates in autumn and early :

wintexr ({(Aug.-Dec.}. In the other subbasins, the vertical balance
plays a smaller role.
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1¢.4.4 Real water exchange, considering also the freshwater ? km? Gulf of Finland :
throughf low . 20 50 p—
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Up til now we have been considering the subbasins as individual 1- 10 e
subsystems under horisontal influence only from their own drainage ‘ i
basins. We are now turning to the composite system by
interconnecting these subsystems to a cascade, thereby exposing ‘ 9 bl iy
them to a throughflow component of exogenous fresh-water emerging ; S N
from subbasins further upstream in the system, i.e. to the =

influence from "upstream" drainage basins.
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The real fresh-water exchange conditions are also reflected in

Fig. 10.7 where attention is paid alsc to the throughflow component.
Seen on an annual basis the exogenous throughflow of Bothnian Sea
is practically doubling the endogenous net freshwater output.

In Baltic Proper, the outflow is multiplied by a factor 4 through

the considerable exogenous additions from all the subbasins further
up the cascade. The total water exchange of this subbasin increases
from the endogenous 240 km3/yr to 580C.
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When seen on a monthly basis, it is evident from Fig. 10.6 : 10.6 Annual course of total water balances of individual subbasins
that for the Bothnian Sea, the endogenous water exchange dominates : (average 1951 - 70). Hatched column = contribution due to
during most of the year. Equivalence characterizes June, whereas : throughflow from subbasins higher up in the cascade

the exogenous contribution dominates in May. For Baltic Proper,
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10.7 Composition of total water balance of throughflow subbasins
(average 1951 - 70)

-137~

balance generally holds between endogenous and exogenous water
exchange, whereas the exogenous dominates during spring and
early summer (April-June) when the spring flood passes through.

The endogenous exchange varies with a factor 2, the endogenous
contribution to the outflow with a factor 60. The endogenous and
exodgenous contributions sum up to a total water exchange, subject
to only moderate seasonal variations. In March, the endogenocus
contribution is about 40% of the total. Most extreme is September
with practically no endogenous contribution.

From Baltic Proper, the water flows northwards through the down-
stream subbasing 6 a@d 7 with practically no more endogenous
contribution (< 3 km™).

10.4.5 Overall freshwater exchange of the whole system

The composite freshwater exchange conditions of the whol c¢ascade
system is summarized for the historical period 1951-7( in Fig.
1.8, showing how the horisontal and vertical contributions from
the various subbasins add _up - subbasin by subbasin - to the final
net outflow of ca. 520 km3/yr.

Fig. 10.9 finally illustrates the hydrological character of the
various subbasins in terms of time characteristics under the
assumption of complete mixing {(exchange times}. For example, the
endogenous freshwater balance of the Bothnian Sea would alone
need just under 50 vears to exchange the whole water mass. Thanks
to the freshwater throughflow from the Bothnian Bay, the exchange
time is reduced to about 25 vears.Likewise, the Baltic Proper,

if only supplied with the endogenous freshwater contributions,
would be practically stagnant with an exchange time of a whole
century. All the freshwater from upstream parts of the cascade
system, however, speed up the water exchange considerably to an
average exchange time of about ZZ5 years.

It should be noted that this water exchange takes place irrespective
of the salt water inflow through the Danish Straits. Thus, in
addition to the freshwater generated water exchange, there is an
additional water exchange, generated by the salt water inflow.

The total outflow (H} is therefgre composed of a freshwater
component {(H-M) of about 470 km”™/yr at the outflow of Baltic

Proper and a salt water component (M)}, determined by the size
0f the inflow. ‘
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Composite freshwater exchange conditions
as a cascade of interconnected subbasins

Unit: km™/yr
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Chapter 11

CONCLUSIONS
Zdzislaw Mikulski (Poland) and Malin Falkenmark (Sweden)

11.%. INTERDISCIPLINARY PROBLEMS OF THE
SEMI-ENCLOSED BASTIN

The water balance of a semi-enclosed sea implies the comparison
of two different types of water: freshwater from the land, and
salt water from the adjacent ocean. The freshwater budgeting
constitutes an important tool to determine the long-term water
renewal and the water exchange conditions in the sea, based on
real measurements in the field. The Baltic Sea can be seen as

an excellent example of an interior sea, connected to the ccean
through a constricted sound area, i.e. a semi-enclosgsed sea.
Although the Baltic is extremely wellknown through a great number
of studies since the beginning of the 20th century, its water
balance has not been determined more than approximately in the
past, due to lack of complete and homogenous data on the different
components.

It is indeed quite a complicated task to pursue such a water
balance excercise on an international water system: numerous
elements are involved; some elements are particularly difficult
to estimate; for most of the elements, data have to be brought
together from all the bordering countries. Long data series are
needed to arrive at a good estimation of long-term average
conditions, and at conclusions regarding variability and general
trends. Even if it is extremely complicated, it is however indeed
necessary to determine the water balance, in order to be able to
understand the long-term water renewal and the various ways in
which it influences the sea environment.

In other words, oceanographers wishing to get a full understanding
of the dynamics of the sea system, depend on hydrologists to
determine the freshwater balance in its various details. To solve
this problem, a close cooperation between hydrolegists and
oceanographers 1s needed ~ none of them ig able to solve the

water exchange problem on his own. In the past, these two groups
of professions have represented vastly different standpoints.
Today, however, it is generally accepted that, in order to solve
the interdisciplinary problems involved in semi-~enclosed seas,
they have to work clcse together.

It is therefore fully logical, that the present project on the
Water Balance of the Baltic Sea was indeed initiated by the
Baltic Oceanographers. At the meeting in 1966 in Leningrad, the
participating oceanographers decided to invite hydrologists to
embark on a thorough study on the individual water balance
elements of the Baltic. The aim was to arrive at more reliable
reference values on the water balance elements as a base for
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solving oceanographical and ecological problems, related to the
environment of the Baltic sea, and to clarify the variability
both in time and space of these elements.

11.2. THE INTERNATIONAL FROJECT

What has characterized the IHD/IHP project on the Water Balance of
the Baltic Sea has been the organized bringing-together of mul-
tiannual, homogenous data on all the individual water balance
elements. The cooperation was made possible through the framework
of the IHD/IHP worldwide program. The main counterparts in the
different countries have therefore been the national committees
for the International Hydrological Decade (IHD) and the Interna-
tional Hydrological Programme (IHP). Besides a coordinated data
gathering, the cooperation included a series of Expert Meetings
for methodological discussions and joint solving of methodological
problems, in particular regarding the exchange with the North

Sea and the fluctuations in water storage.

Within the study, 20 years of system-wide homogenous data on all
the individual water balance components, covering the period
1951-70, have been compiled. Efforts were made to arrive at the
closing error of the water balance by separate and independent
determination of all the individual components. The homogenous
data~base produced resulted in new and more precise reference
values on the freshwater balance components. The 20 year series
also allowed some studies of the variability in time and, in
particular, during extreme years.

By the large stress put on inflow studies, a new and more
hydrological view has been introduced. The earlier borderline of
the Baltic Sea, considered to be the coastline, has been moved to
the water divide on the land areas, separating the land drained
to the Baltic Sea from the land areas drained to other water
systems.,

The study included a separate consideration of the seven
interconnected subbasins of the Baltic, linked together in a
complex cascade system. Analysis of the individual subbasins
contributes in increasing our understanding of the water balance
specificities of semi-enclosed seas.

It was furthermore possible to discreticize - even on a monthly
basis - the water balance from different aspects. On one hand,
the vertical and horisontal water balances have been studied
both separately and in combination. On the other hand, it has
been possible to distinguish between the endogenous, or local
freshwater input to a subbasin, in other words the input from
the "own" drainage basin, and the exogenous input, originating
from water balances of subbasins further upstream in the cascade
system. Also, by relating the water exchange of the different
subbasins to their water volumes, the time characteristics, i.e.
the average or theoretical time of renewal of the individual
subbasin volumes, have been determined.
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11.3. SOME CONCLUSIONS

The Pilot Study was organized to make possible concentrated and
synchronous measurements of all the individual water balance
components. By cooperation with the Danish Belt Project it

included also field measurements of the water exchange with the
North Sea. New and more precise methods were applied for
determination of evaporation. Thanks to this, more reliable data
were achieved on the sea evaporation. It was concluded that

earlier calculations had underestimated the evaporation by about

7 %. A theoretically based earlier hypothesis that the sea
evaporation culminates in late autumn and early winter was confirmed.

In spite of the large efforts directed towards the water exchange
with the North Sea that element remains the weak point of the
water balance. It was concluded that the most reliable method for
determination of the long~term water exchange remained the water
balance eguation. This is due to the methodological problems
involved in current measurements in a complicated system of
straits, characterized by complex water movements back and forth
and successive entrainment of ingoing water in the outgoing

water mass, as one moves downstream through the straits. At the
present level of methodological development, the errors involved
in current measurements remain rather large, and the instruments
are not yet reliable enough to produce continuous data.
Unfortunately, the time gaps in the final data series made it
impossible to arrive at determining the c¢losing errors.

The project produced the conclusion that in earlier studies,
precipitation had been severely underestimated, due to neglect
of errors invelved in point measurement of precipitation.

For river inflow it was possible to study a 55 year data series,
thereby allowing even better insight into the time variability,
especially as the river inflow, when seen in a long-term
perspective, plays a dominating role over the vertical balance.
A statistical study on the 55 year series illuminated the
characteristics and the long~term variations in the input of
river flow. It was concluded that consecutive decade averages
did not differ very much from each other during that period.

The sea water storage represents a quite dominating factor in the

water balance when seen on a monthly or daily basis. When averaged
over a 20-year period, however, the storage change tends to vanish
in the water balance, in line with the general hydrological water

balance hypothesis.

11.4. CLOSING REMARKS

The project represents 15 years of close cooperation and work of
a great number of experts in the seven countries participating in
the project. The experts involved have achieved the best knowledge
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now available on the individual components of the water balance
of the Baltic Sea. Now that the hydrologists have finalized

their part of the relay-race, it is our hope that

their results will be absorbed by the scientific community in the
bordering countries, in order to make the best possible use of
the new understanding achieved. The oceanographers, who initiated
the study by asking for more reliable data on the freshwater
balance, are now provided with such data, together with new
information on the characteristics of the different parts of the
cascade, and on the wvariability in time and space characterizing
the different elements. Oceanographers should therefore now have
a better basis than earlier for understanding the peculiarities
of the different subregions composing the Baltic system.

BEcologists, on the other hand, may now also be in a position to
deepen their understanding of the Baltic sea and its different
subregions from an environmental viewpoint. We now know much more
than earlier about the input and output of freshwater, and some
substances that they carry to the system. The study included the
input of suspended material to the various subbasing of the system.
Also, the input of dissolved substances with the rivers was
appreciated within the project. The accelerating interest in
these elements within the Helsinki Convention work have, however
already produced later data, thereby outdating the preliminary
studies performed within the IHD/IHP-project.

When ecologists and oceanographers end by understanding the large
role playved by the freshwater budget, they will become interested
intrying to follow, on a continuous basis, the freshwater balance
and 1its components, as a measure of keeping control over the
Baltic as an envirconment of considerable value for all the
bordering states. This would make it desirable to keep the Baltic
Sea under continucus observation through an operational watexr
budget monitoring. Such a control program could very well be
organized, based on the methodological experiences gained within
the IHD/IHP project, as a matter of cooperation between the
operational hydrological services in the countries involved.

The experiences gained through this study of a semi-enclosed

sea could probably be helpful also in the study of other semi-
enclosed seas. It is particularly interesting to note that a
semi-enclosed sea may not be as homogenous as earlier considered.
The complicationg due to mixing processes have been better
explained by the differentiation of the Baltic sea in its seven
subbasins.

In this regard, there is a considerable difference between the
complex cascade of partial seas composing the Baltic, and an
inland sea like the Black Sea. For instance, the Bothnian Bay is
practically influenced only by freshwater, and the same holds
for the Gulf of Finland and the Gulf of Riga. In the Bothnian
Sea and the Baltic Proper, conditjions are vastly different: the
water balance gets much more complex. These throughflow subbasing
receive water both from the land areas drained, and as inflow
from upstream subbasins. On a short term basis, the back and
forth movement ©f water masses between neighbouring subbasins
may be considerable, but in the long-term perspective, they
converdge to the net water exchange determined by the freshwatler
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balances. This basic fact, that the hydrological factors have
such considerable influence, as soon as the long-term perspective
ig applied, is what makes the freshwater budget so important in
the study of semi-~enclosed seas.

It is sincerely hoped that the Baltic Sea study may be followed
by similar studies in other semi-enclosed seas around the world,
benefitting from the methodological development in this interna-
tional cooperation between seven participating countries belonging
to different political groupings in Northern Europe.
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MAIN TABLE 2.

SHARE OF THE BALTIC COUNTRIES IN THE DRAINAGE AREA OF THE BALTIC SEA

Table compiled by Zdzislaw Mikulski

Drainage area

{Poland)

Area of Country

Length of shore line#*¥)

No. Country km2 . kmz 2 km %
1 USSR 594 600 34.5 5 57C 000%) 10,7 2 670 17.6
g
2 Sweden 445 300 25.8 449 964 99.0 5 450 35.
5 .9
3 Poland 310 950 18.1 312 683 99 .5 590 3.
9 5
4 Finland 303 400 17.6 337 032 90,0 2 970 19,
1 2 4890 16 .3
5 Denmark 23 400 1.4 43 075 54.4 .
4.3
6 GDR 18 260 1.1 108 178 16.9 660 .
7 TRC 5 130 0.3 248 611 2.7 400 2.6
3 Norway 12 0G0 .7 323 866 3.7 - -
9 Czechoslovakia & 260 0.5 127 977 6.4 -
*} = European part
Y e . . - — (o 3 - d
*%*}) = Evaluated on basis of 1:1.7 min map/Bathymetric map, Helsinki 1981 Obtained value
are aproximated to 10 km/.
MAIN TABLE 3. RIVER INPFLOW TO THE BALTIC SEA {SUBBASINS 1-7)
Monthly and annual means for different +ime periods. Table compiled by
Zdzislaw Mikulski (Poland) .
Years/Month I 1T I1L Iv Vv VI VII VIII Ix X XTI XII I-XI1
19211330 m/s 10877 9983 11806 17388 24705 25988 19142 15772 15084 1525G 16084 12939 16260
km3 29,134 24,343 31.891 45.070 66.171 57.361 51.271 42.252 39.105 40.844 41.690 34.658 513.792
1931-1940 n?fs 9942 9522 12490 17470 23823 21955 16139 14295 13624 14202 13760 11172 14866
km3 26.602  23.279  33.452 45.284 63.808 56.906 43.228 38.288 35.311 38.040 35.668 29.925 469.952
1941-1956 H@/S 904z 9423 11078 17931 22256 21758 15500 12713 11855 12417 11994 11178 13929
km3 24.191 22.993 29.670 46.478 59.611 56.374 41.518  34.049 30.727  33.25%6 37.085  29.939 439.907
1951~1960 /s 9948 10212 11454 18507 25052 22344 16756 14942 13932 13568 12599 10961 15023
km3 26.645  24.921 30.655  47.974  67.090 57.904 44.870 40.016 35.971 36.338 32.652 29.358 474.42%5
1961-1970 n?/s 10682 10931 12016 19746 25061 26707 13640 13334 13184 12905 13848 11992 14929
km3 28.612  26.647 34.863 571.181 67.124 53.672 36.534  35.71] 34.174  34.567 36.156 32.1i18 471.357
1971=1975 nﬁ/s 12228 12743 12431 15571 21221 17961 13420 11832 11177 12581 12614 12214 13832
km3 32.893 31,151 34.109 40.707 56.931 46.584 35.912 31.909 28.983 33.686 32.650 32.702 438.220
1921-1375 n?/s 10282 10262 11847 17969 23911 22133 15980 13995 13321 13570 13580 11700 14895
km3 21.57¢ 25.047 32.288 46.607 64.049 57.365 42.796¢  37.504 34.505 36.343 35.197 31.336 470.644
1931-1960 Hﬁ/s 9644 9719 11674 17969 23710 22019 16132 13983 13137 13396 12764 11104 14606
kn§ 25.814  z3.731 31.269  46.579  63.503 57.061 43.207  37.451 34.003  35.877 33.138 29.741 461.428
1951~1975 HP/S 16952 11295 11967 17941 23778 20337 14605 13369 12764 13018 13054 1772 14595
knﬁ 29.384 27.573 33.213 46.621 63.713 52.720 39.107 35.879  33.043 34.863 33.819 31.393 461.332
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MAIN TABLE 4.

RIVER INFLOW TC THE BALTIC SEA AND ITS SEVEN SUBBASINS

Z20~year averages for the periocd 1951-706. Table compiled by %dzislaw Mikulski (Poland)
Region I Iz IIT Iv v VI Vit VIIT I X p.u) XIT I-X1T
1. Bothnian Bay s 1348 1190 1100 1816 8616 6174 3486 3039 3304 3005 2570 1622 3106
km>  3.544 2.902 2.944 4.706 23.077 16.014 9.339 8.140  3.563 8.048 6.662 4.348  98.287
2. Bothnian Sea m3/s 1822 1714 1661 2078 4472 6572 4242 3729 2937 2476 2336 2023 3004
km® 4,854 4,182 4 450 5,388  11.878 17.034  11.360  10.018 7.612 6.634 6.054 5.432 94.996
3. Guif of wS,s 2445 2560 2827 3754 4584 4467 4296 4016 3874 3802 3574 2808 3582
Finland km>  6.878  6.292  7.598  9.730 12.275 11.579  11.401 10.756 10.042 10.182  9.262  7.522 113.517
4. Gulf of Riga r/s 432 422 694 3450 2076 678 426 378 465 645 717 605 920
kS 1.292 1.026 1.860 8.943 5.560 1.755 1.142 1.010 1.205 1.727 1.858 1.620 28.998
5. Baltic s 2680 3143 4414 6617 4277 2895 2204 2230 2018 2116 2664 2968 3186
Proper ke 7.179 7.659  11.821  17.152  11.456  7.504  5.902  5.972  5.162  5.669 6. 08  7.952 100.336 !
%?
Sam 1-5 n/s 8767 9049 10696 17715 24025 20786 14614 13392 12598 12044 11861 10026 13798
ke 23.747  22.061 28.673 45.918 64.345 53.886 39.744 35.896 32.584 32.260 30.744 26.874 436.134
6. Belts and /S 302 322 33z 314 236 173 140 167 203 244 290 362 252
Sund ¥ 0.810 0.790 0.893 0.516 0.627 0.442 0.368 5,444 0.524 0.656 0.750 5.808 7.928
Sum 1-6 m /s 9069 9371 11628 18029 24261 20959 14754 13558 12801 12288 12151 10328 14050
ko 24-557  22-857  29.566 46.734 64.972 54-326  39.512  36.340 33.108  32.916 31.494  27.682 444.062
7. Kattegat /s 1146 1202 1198 1097 796 563 444 580 758 947 1122 1147 917
ke 3.072 2.934 3.206 Z.843 2.132 1.456 1.191 1.554 1.969 2.536 2.910 3.071 28.874
Sum -7 m s 1448 1524 1530 1411 1032 736 584 747 961 1191 1412 1449 1168
3,882 3,724 4,099 3.659 2.759 7.898 1.559 1.998 2.493 3.192 3.660 3.879  36.80Z
8.Baltic Sea  mo,/s 10315 10572 11735 19126 25056 21526 15198 14738 13558 13236 13274 11476 14967
Sum 1-7 kmo  27.630  25.784  32.759  49.578  67.107 55.788  40.702 37.864  35.072  35.452  34.404  30.738 472.93¢
MAIN TABLE 5. PRECIPITATION ON THE BALTIC SEA AND ITS SEVEN SUBBASINS
Long-term averages for the reference period 1931-60. Data from Bengt Dahlstrim
{Sweden)
Region T I III v A% VI VII VIII TX X XTI XTI Year
1 . 43 33 29 34 30 46 57 64 62 53 55 48 554
k> 1.56 1.20 1.05 1.23 1.09 1.67 2.07 2.32 2.25 1.92 1.99 1.74 20.09
2 mn 52 35 29 33 45 45 58 69 63 57 64 57 598
km® 4.12 2.77 2.30 2.85 2.62 3.57 4.60 5.47 4.99 4,52 5.07 4.52 47.40
3 e 57 41 33 41 45 56 70 79 68 67 64 56 677
; 1.65 1.21 0.97 1.21 1.33 1.65 2.06 2.33 2.01 1.98 1.89 1.65 19.97
4 REL 55 40 33 36 41 50 73 73 72 64 58 58 653
ko 0.99 0.72 0.59 0.64 0.73 0.90 1.31 1.31 1.29 1.15 1.04 1.04 11.71 |
[o)]
5 m 57 44 35 39 40 47 70 72 66 64 61 60 655 n
Yo 11.97 9.24 7.35 8.19 §.40 9.87 14.70 15.11 13.86 13.44 12.81 12.60 137.54
6 o 58 45 38 46 46 53 75 81 65 65 53 55 685
ks 1.17 0.91 0.76 0.93 0.93 1.07 1.51 1.63 1.31 1.31 1.17 1.11 13.81
7 ma - 57 43 34 41 39 51 79 78 73 69 63 57 684
km3 1.27 0.96 0.76 0.91 0.87 1.14 1.76 1.74 1.63 1.54 1.40 1.27 15.25
1-7 s 55 41 33 38 38 48 67 72 66 62 61 58 639
K 22.84 17.03 13.70 15.78 15.78 19.93 27.86 29.90 27.41 25.75 25.33 24.09 265.36




MAIN TABLE 6

. PRECIPITATION ON THE BALTIC SEA AND ITS SEVEN SUBBASINS.

20-year averages for the period 1951-70. Data from Bengt Dahlstrdm {Sweden)

Region T it I1T Iv vV VI VIT VIIT IX X XL XIT Year
1 it 41 35 33 29 34 37 48 66 57 48 56 51 535
km> 1.49 1.27 1.20 1.05 1.23 1.34 1.74 1.39 2.07 1.74 2.03 1.85 18.40
2 e 47 40 30 33 34 37 52 68 56 54 62 59 572
e 3.73 3.17 2.38 2.62 2.69 2.93 4.12 5.39 4.44 4.28 4.9 4.68 45.34
3 it tH 43 33 28 35 40 40 66 71 66 64 57 50 593
k> 1.27 0.97 0.83 1.03 1.18 1.18 1.95 2.09 1.95 1.8% 1.68 1.47 17.49
4 T 41 3 25 34 40 41 66 68 73 63 58 50 590
ko 0.73 0.56 0.45 0.61 0.72 0.73 1.18 1.22 1.31 1.13 1.04 .90 10.58
5 jir il 51 40 31 39 43 43 65 73 66 57 62 58 628
o 16.71 8.40 6.51 8.19 5.03 9.03 13.65 15.32 13.86 11.97 13.02 12.18 131.87
6 mm 54 44 37 46 50 52 76 82 61 62 68 60 692
ki 1.09 0.89 0.74 .93 1.01 1.05 1.53 1.65 1.23 1.25 1.37 1.21 13.95
7 nm 57 42 36 46 45 49 72 85 65 74 68 61 701
km 1.27 0.94 0.80 1.03 1.00 1.09 1.60 1.89 1.47 1.65 1.52 1.36 15.62
-7 i1 49 39 31 37 41 2 62 7z 63 58 62 57 613
Jm3 20.35 16.20 12.87 15.36 17.03 17.44 25.75 29.30 26.16 24,09 25.75 Z23.67 254,57
MAIN TABLE 7. EVAPORATION FROM THE BALTIC SEA AND ITS SEVEN SUBBASINS
Long~term averages for the period 1862~ 1978. Data from Dieter Hemning (FRG)
Region T I 11T v v VI VII VIIT — IX X XT XTT Year
1 o, 23.4 2.7 4.3 4.7 4.9 20.7 31.2 58.1 73.1 60.6 36.5 43.6 363.7
k ¢.848 0.097 0.157 0.170  0.177  0.751 1.13 2.1 2.65 2.20 1.32 1.58 13.19
2 I 49.9 22.0 15.1 11.8 7.4 17.5 30.8 52.9 74.0 63.0 49.3 66.6 460.4
ke 3.96 1.74 1.20 0.933  0.5%0 1.39 2.44 4.20 5.86 4.99 3.91 5.28 36.49
3 TR 22.1 6.7 6.2 4.1 6.0 25.9 26.8 56.1 63.6 57.3 41.4 44.5 360.5
> 0.652 0.19% 0.182 0.120 0.176 0.765 0.790 1.65 1.88 1.69 1.22 1.31 10.63
4 el 35.8 17.1 16.6 0.1 13.3 16.1 36.5 45.8 46.8 51.8 80.6 78.2 438.5
ke 0.6417 0.306 0.298 -0.002 0.238 0.289 0.654 0.821 0£.838 0.928 1.44 1.40 7.85
5 bl 52.1 37.1 32.0 9.7 10.1 16.9 41.1 52.2 86.6 73.8 67.6 72.1 551.2
ka3 10.95 7.78 6.71 2.03 2.13 3.54 8.62 10.96 18.18 15.50 14.19° 15.13 115.72
1=5 ., 45.7 27.1 22.9 8.7 8.9 18.1 36.6 52.9 78.9 67.9 59.2 66.2 493.2
km 17.04 10.12 8.54 3.25 3.31 6.74 13.64 19.74  29.41 25.30 22.09 24.70 183.89
€ I 26.3 30.3 14.6 17.1 19.4 42.1 70.9 56.2 88.4 65.8 63.4 46.4 540.9
kS 0.530 0.609 0.293 0.345 0.39%0 0.848 1.43 1.13 1.78 1.32 1.28 0.930 10.88
7 ., 37.3 14.5 16.2 27.5 24.8 42.8 62.3 62.4 91.6 54.5 59.0 52.3 541.0
km 0.831  0.324 0.360 0.523 0.553 0.953 1.39 1.39 2.04 1.21 1.31 1.16 12.06
1=7 ., 44.3 26.6 22.1 9.9 10.2 20.6 39.6 53.6 80.0 67.0 59.4 64.5 498.1
km 18.40 11.G5 9.20 4.12 4.25 8.54 16.45 22.26 33.23 27.84 24 .68 26.79 206 .83
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MAIN TABLE 8.

al

EVAPORATION FROM THE BALTIC SEA AND ITS SEVEN SUBBASINS

Decade averages for the pericds 1948-60 and 1961-70.
Data from Dieter Henning {FRG)

II1 Iv \Y V1 IX X XI XIT
48-60 (23.4) ) . wn” w9l e.n? (73.71) " (60.5) 7 36.5) ) (43.6)
61=-70 0 -1.1 14.6 23.8 52.2 218.8
48-60 62.5
01-70 39.9
3 mm 48-60 47.8 {6.7) (6.2 7.6 15.5 21.0 36.4 47 .6 §7.3 66.5 93.3 24.9 466.7
61-70 39.2 8.8 4. 4.0 20.9 32.3 68.2 86.4 85.3 68.5 49.8 48.1 515.3
4 mm 48-60 57.0 12.5 16.1 -G.9 16.7 16.6 37.4 45.2 44 .6 51.1 63.9 53.9 413.8
61-70 55.3 27.4 14.0 3.3 15.2 27.9 16.0 91.1 65.7 83.2 82.5 101.2 584.6 1
<N
5 mn 48-60 51.4 46.1 34.3 16.2 15.6 14.5 39.3 43,7 72.5 61.2 74.0 51.3 520.2 ’?
61-70 67.1 47.4 33.9 8.0 7.7 12.8 45,7 55.4 67.3 79.2 63.1 71.6 558.1
-5 mm 48-60 43.6 31.1 22.6 15.3 15.1 15.1 34.2 48.5 70.3 61.8 75.7 48.0 481.2
61-70 59.2 38.1 25.7 8.2 10.1 12.5 36.3 52.0 54. 59.7 52.0 87.0 506.1
6 m 48-60 37.2 15.2 27.2 12.4 18.8 51.6 36.1 52.8 84.6 63.6 61.4 51.9 512.9
61-70 Z3.5 19.6 14.1 6.1 9.7 28.2 54.6 42.9 69.1 55.6 55.2 47.5 426.3
7  mm 48-60 45.5 19.8 24.3 22.4 25.6 39.7 112.2 34.9 127.0 69.7 49.2 47,7 629.0
61-70 59.z 49.4 28.3 17. 29. 44.0 50.4 66.0 68.8 93.1 76.4 66.7 648.7
1-7 e 48-60 43.3 29.7 22.9 15.5 16.1 18.2 38.9 48.0 74.0 62.3 73.6 48.1 490.7
61-70 57.4 37.8 25.3 9.4 11.1 14 .2 37.9 52.3 55 61.3 62.4 84.0 509.¢
1} parenthesis = long tem average 1862-1978
' h iod 1948-70. Data from Dieter Henning (FRG).
MAIN TABLE 8. b) 20-year averages for the perl
H XI1 Year
Region I 11 111 v v VI vII = VIII  IX X XI
1 K 0.42 0.05 0.08 0.08 0.09 0.3 0.64 1.63 1.5  1.53 f
2 K 3.99  2.46  1.35  1.74  1.35  0.73  1.56  3.52  4.06 3.2 eme oo
3 Ko 1.28  0.23 0.15  0.17  0.54  0.79 =4 e Z.EE s L =
4 e 101 0.36  0.27 -0.05 0.2 .4 0.3 e - - : <
_ 3 s a5 = e p.ET .eT D.ET O BLED FE SR B L
5 Jar z.4 3.8 S
= . JP— & ey = a4 __': : :_2 . 5 2:_) 6 25 - 2 183 - 9
< . 1o -~ S S % ;‘:‘ . 96 ? - 55 1 . 20 ‘[ . 1 7 1 . 00 9 b 45
& el S L3R LA G 0E o B “
z o . o T o g 2.82 1.89 1.12 2.18 1.81 1.40 1.28 14.2
. - o o s T o4 L 66
5 207.6
B o <47 5.67 6.8 16.0 20,9 27.0 25.6  28.2  27.5




MAIN TABLE 9. SEA VOLUME CHANGES OF THE BALTIC SEA AND FIVE OF ITS SUBBASINS

20-year averages for the period 1951-70. Table compiled by Zdzislaw Mikulski
(Poland) from data by N.N. Lazarenko (USSR).

Region I iT Iix v v VI VII VIII IX X X1 XTI T - X3t
1. Bothnian 3
Bay km™ -3.24 -3,275 =2,675 =0, 265 -0, 235 3.42 4.10 -1.19 1.285 1.21 -0.69 1.865 0.31
2. Bothnian 3
Sea k™ -5,57 -7.70 -6.,19 1.425 0.290 5.10 10.12 ~-1.365 1.90 0.595 -1.60 4 105 1.73
3. Gulf of 3
Finland km~™ ~1,82 -3,125 -=1.855 -=0_150 0.375 2.18 4 .14 ~0.61 1.305 0,055 -1.71% 1 .62 042
4, Galf of 3
Riga km~ -1.065 -1.785 -1.195 0.185 0.285 1.095 2.66 -(.34 0.765 -0.19 -0.995 6.815 0.24
5. Baltic
Proper km™ -10.21 =-12.81 -18.07 3.65 1615 8.81 26-75 —2-32 4.72 .72 ~6-73 7.36 2.04
Baltic Sea .
1 -5 - -271.90 -25.06 -29.065 4.855 2.33 z0-.6 47.77 ~-5.82 9.975 0.955 -11.72 15.765 4.74
=3 4p)
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MAIN TABLE 11.

Elemants of water

WATER BALANCE OF THE BALTIC SEA AND FIVE OF ITS SUBBASINS

20-year averages for the period 1951-7C. Tables compiled by Zdzislaw Mikulski
{Poland)} based on data from all element coordinators.

Main Table 11.a: Subbasgin 1. Bothnian Bay (A = 36 260 kmz)

balance /kmd/ 1 I1 111 v v VI VII VIII  IX X XT XIT I - xI1
Precipitation /P/ 1.49 1.27  1.20 1.65  1.23 1.34 1. 74 1.39  2.07 .74  2.03 1.85 18. 40
Evaporation /E/ .42  0.05  0.08 0.08  0.09 0. 36 0. 64 1.63 1.59 1.53 1.61 4.76 12.80
i
River inflow /L/ 3.54 2.90  2.94 471 23.08  16.01 9.34 814 8.5  8.05  6.66  4.35 98.29 éf
}
Net freshwater
input
Q_=P-F:L 4.61 4.12  4.06  5.68 24.22 16.99 10.44  7.90  9.04  8.26 7.08 1.44 103.89
Storage
difference /AV/ -3.24 -3.28 -2.68 -0.26 -0.24  3.42 4,10 =1.19 1.28 1.27 =0.69 1.86 0.31
Net ocutflow
Qo—[kmﬂfqﬁ 7.85  7.40  6.74 5.94 24.46 13.57  6.34  9.09 7.76 7.05  7.77 -0.42  103.58
Main Table 11.b: Subbasin 2. Bothnian Sea (A = 79 257 km2)
Elerents of water
palance /kid/ 1 II 11 v v VI VII VITT 1IX X XI  XII I~ XII
Precipitation /P/ 3.73 3.17  2.38  2.62 2.69 2.93  4.12 5.39  4.44  4.28 4.91  4.68 45.34
Evaporation B/  3.99 2.46  1.35 1.74 1.35  0.73 1.56 3.52  4.06  3.21 5.62  5.04 34 .60
River inflow /L/ 4.85 4.18 4.45  5.39 11.98 17.03  11.36 10.02  7-61 6.63 6.05 5.43 95 .00
Net freshwater AN
input A
Q_=P-E+L 4.59 4.89 5.48  6.27 13.32 19.23  13.95  11.89 7.99  7.70 5.32  5.07  105.74 |
Storage
difference /AV/ =5.57  -7.07 -6.19 1.42 0.29 5.10 10.12  -1.36 1.90  0.60 -1.60 4.10 1.73
Net outflow
Q- A\V=H-M 10.16 11.96 11.67  4.85 13.03 14.13  3.83 13.25  6.09  7.10 6.94 0.97  104.01




Elements of water

Main Table 11ic:

Subbasins 1-2.

Gulf of

Bothnia (A

115 517 km2)

balance /km3/' I IT ITT IV v VI VIT VIII IX X XTI XIT I~ XII
Precipitation /P/ 5.22 4.44  3.58 3.67 3.92  4.27 5.86 6.7  6.51 6.02 6.94 6.53 63.74
Evaporation /E/  4.41 2.57 1.43 1.82 1.44  1.29 2.17 5.15  5.65 4.74 7.23  9.80 47,40
River inflow L/ 8.39 7.08 7.39 10.10 35,06 33.04 20.70 18.16 16,17 14.68 12,71 9.78 193,29
1
e
Net freshwater o
input :
QO=P—E+L 9.20 9.01 9.54 11.95 37.54 36.02 24,39 12.79 17.03 15.96 12,42 651 209 63
Storage
difference /AV/ -8.81 -10.38 =3.87 1.16 0.05 8,52 14,22 -2.55 3.18 1.81 -2.29 5 96 2.04
Net cutfliow
QO—ZXVEH—M 18. 01 19.39 18.41 10.79 37.4% 27.50 10.17 22,34 13,85 1415 14,71 0.55 207 59
Main Table 11.d: Subbasin 3. Gulf of Finland .(A = 29 498 km?)
Elements of3water
balance /km>/ I IT 11T v \% VI VII VIiIiT IX X XT XIT I-XIT
Precipitation ,/B/ 1.27 0,97 90,83 1.03 1.18 1,18 1.95 2,09 1,95 1.89 1.68 1,47 17_49
Evaporation ﬂ{E/ 1.28 0.23 0.15 0.17 0.54 0,79 1.54 1.98 2,55 1.99 2,260 1.08 14 .50
River inflow /L/ 6.88 6.29 7.60 9.73 12.28 11.58  11.40 10.76 10.04 10,18 9.26 7.2 113 52
Net freshwater !
input 4
QO=P~EfL 6. 87 7.03 8.28 10,59 12,92 11.97 11.81 10,87 9.44 10,08 8.74 7.91 116_51 T
Storage
difference /AV/ -1.82 -3.12 -1.8 ~0.15 0,38 2,18 4.14 -0.61 1,30 0,06 ~1.71  1.62 0. 42
Net cutflow
QD-ZXVEH*M 8.69 10.15 10.14 16.74 12.54 5.79 7.67 11.48 8.14 10.02 10.45 6.29 116 .09
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4. Gulf of Riga (A

Main Table 11.e: Subbasin 17 913 kmz)

Elements of water
halance /km3/ I i1l 17T v v VI Vi VIIT IX X X1 XIT I -XII
Precipitation /P/ 0.73 0.56 0.45 0.61 0.72 0.73 1.18 1.22 1.31 1.13 1.04 0.90 10,58
Evapcration /E/ 1.01 0.36 0.27 -0.C5 0.29 0.40 0.50 1.22 0.99 1.20 1.31 1.39 8,89
River inflow /L/ 1.29 1.03 1.86 §.94 5.56 1.76 1.74 1.01 1.20 1.73 1.86 1.62 2% .00

H
Net freshwater 3
input ?
QO=P—E+L 1.01 1.23 2.04 9.60 5.99 2.09 1.82 1.01 1.52 1.66 1.59 1.13 30.69
Storage
difference /AV/ ~1.06 -1.78 ~1.19 0.19 0.28 1.10 2.66 -G.34 3,76 -0.19 ~3.99 0.82 0.24
Net ocutflow
Qo*zxth—M 2,07 3.01 3.23 9.41 5.71 0.99 ~0.84 1.35 0.76 1.85 2,58 0,31 30,45

o
Main Table 11.f£: Subbasin 5. Baltic proper (A = 209 930 km?)

Elements of3water
balance /km / I 1T ITT v Vv VI VIT ViIT X X XI X1t I - XIT
Precipitation /P/ 10,71 3.40 6.51 8.19 9.03 9.03 13.65 15,32 13,86 11.97 13,62 1218 131 87
Evaporation  /E/ 12.40 9.81 7.16 2.45 2.45 Z.87 8.92 10.40 14.00 14,70 14 .90 12.90 113 .00
River inflow L/ 7.18 7.66 11.8Z 17.17 11.46 7.50 5.90 597 5.1s6 5.67 6.91 7.95 100 34

{

~3
Net freshwater <f
input
QO=P“E+L 5.49 6.25 11.17 22 -89 12.04 13.66 10 -63 10 -89 5.02 2.94 5.03 7.23 119 .21
Storage .
difference ;/A\V/ -10.22 -12.81 -18.07 3.65 1.62 8.81 26.75 -2.32 4.72 0.72 ~6.73 7.36 2.04
Net outflow
QO—[XVEH~M 15.71 19.06 29.z24 19.24 16.42 4.85 -16.12 13 .21 0.30 2.22 11.76 -0.13 117 .17




e ,——31

-174- |

BALTIC SEA ENVIRONMENT PROCEEDINGS |
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TEN YEARS AFTER THE SIGNING OF THE HELSINKI CONVENTION
National Statements by the Contracting Parties on the
Achievements in Implementing the Goals of the Conven-
tion on the Protection of the Marine Environment of the
Baltic Sea Area

(1984)

STUDIES ON SHIP CASUALTIES IN THE BALTIC SEA 1979-1981
Helsinki University of Technology, Ship Hydrodynamics
Laboratory, Otaniemi, Finland

P. Tuovinen, V. Kostilainen and A. Hdmdldinen

(1984)

GUIDELINES FOR THE BALTIC MONITORING PROGRAMME FOR THE
SECOND STAGE
(1984)

ACTIVITIES OF THE COMMISSION 1983
- Report of the activities of the Baltic Marine Envi-
ronment Protection Commission during 1983 including
the Fifth Meeting of the Commission held in Helsinki
13-16 March 1984
HELCOM Recommendations passed during 1983 and 1984
(1984)

SEMINAR ON REVIEW OF PROGRESS MADE IN WATER PROTECTION
MEASURES

17-21 October 1983, Espoo, Finland

(1985)

ACTIVITIES OF THE COMMISSION 1984

- Report on the activities of the Baltic Marine Envi-
ronment Protection Commission during 1984 including
the Sixth Meeting of the Commission held in Helsinki
12-15 March 1985

- HELCOM Recommendations passed during 1984 and 1985

(1985)




Baltic Marine Environment
Protection Commission
—Helsinki Commission—

Mannerheimintic 12 A
SF-00130 Helsinki

ISSN 0357-29%4

1

Helsinki 1986, Government Printing Centre




	1
	2
	3
	4
	5
	6
	7
	8
	9

