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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 be seen. The report presents the 
average conditions of freshwater exchange, the time scales 
involved and the considerable fluctuations from month to month 
and from year to year. It constitutes the international 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 
project, WATER BALANCE OF THE BALTIC SEA, organized within Unesco's 
International Hydrological Decade (until 1974) and International 
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 committee 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 to the individual chapters. The project coordinator 
invited Professor M. Falkenmark, 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 National 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 economic 
relations and different socio-political systems. 

./ .. 
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Til<' Jll·ojoct can hopefully be treated as a model in stimulating 
,;ci ••nt i sts to undertake similar studies on other semi-enclosed 
HRas. Although there remain some defects and some problems 
con11cctcd with the water balance of the sea that have not been 
,;olvc"l, J am convinced that the results will be receiv1'0d with 
i11LorcHt by people occupied with studies on the marine environment 
ol the Baltic Sea. 

WJJ-snw, October 1985 

Prof.Dr. Zdzizlaw Mikulski 
Project Coordinator 

The Summary Report from the Regional Hydrological 
Research Project on Water Balance of the Baltic 
Sea is published in the Baltic Sea Environment 
Proceedings on the basis of the decision by the 
Helsinki Commission at its Fifth Meeting held on 
13-16 March 1984 in Helsinki. The Helsinki 
Commission is not responsible for the content of 
the document but the contributors are considered 
to be responsible for all the op1n1ons and 
conclusions presented in this publication. 
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In addi.tion to the above contributions, a study of the river input to the Baltic Sea 
of dissolved substances was carried out by Aarno Voipio and Vappu Tervo of the 
Finnish InsU.tute of l'-1arine Hesearch. Unfortunately, very little experimental 
material was however available in the various countries. Shortly after the study 
period, the collection of relevant data in the various Balt:ic Sea countr.ies was 
clearly intensified enabling more reliable estimates of river input. Since this 
publication series also includes such reports, the authors of the original HIP-study 
felt it unnecessary to publish their slightly aged contribuUon in thi.s context. 

* The report could be made available through the respective National Corrrrnit-tees 
for the International Hydrological Programme. 



Chapter 1 

HIS'l'ORY OF THE PROJECT 
Zdzislaw Mikulski (Poland) 
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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 19th and 20th centuries. 
Studies were obviously 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 is still active). The first calculation of water balance 
elements of the Baltic was made by Krummel who presented the 
results in 1903 at Institut fur Meereskunde at the Uni.versity 
of Berlin (Krummel 1904). 'I'he calculations allowed to draft, 
for the f:crst time, a 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 Bal·tic was made by !\undo, co-founder of the 
Pussian 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 necess.ity to undertake studies on the 
water balance of the Baltic (Runde 1922). 

Organized 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, !\undo 
presented his significant appeal to undertake studies on river 
inflow to the Baltic and other elements of the water balance 
(Runde 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) 
Following 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 
into account also the share 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 to the Baltic in the 
period 1951-1960 were presented (Mikulski 1970). 



?0~~,----------------------

-2-

1. 2 IN'I'EENNI'IONAL HYDEOLOGICAL DECADE 

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

Simultaneously, the issue was approached by the IHD National 
Commit-tees 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 
the programme, and a new form of the balance equation, separating 
horizontal and vertical water exchange. Soon, the Polish National 
IHD-Committee approached all the Baltic countries with a concrete 
proposal to undertake the project ''Water Balance of the Baltic 
Sea". 

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 1971. The mee·ting 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 presentation of the water balance is far, but very 
often we observe dangerous changes in the marine environment 
of 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 t.ime, sufficient data for 
rational management and prot.ection of the marine environment 
of the Baltic. 'I'he purpose of our meeting is to define the 
problem, its volume, possDJilities and time of its 
preparation. The presented programme is of preliminary 
character and will be, as it is expected, amended, 
corrected and modified with t.ime. 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 distri.bute 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 
;mel volume (updating of barometric maps), the necessity to 
undertake studies on wa·ter exchange with the North Sea, and a 
permanent exchange of informat.ion and publications. 
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1 . 3 SHJ,PING 'ri-lE PEOJECT 

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, prec.ipi tat ion, and 
participation in estimation of inflow of suspended matter 
(together with Poland) 

* FRG - evaporation 
* USSR - changes of sea-level and volume 
* Denmarl' - exchange of water and solid matter with the North 

Sea 
* Finland - inflow of dissolved matter. 

GDR restricted its parU.cipation to supplying indispensable 
material (later on it joined the statistical analysis of river 
inflow). At the same time, the project coordinator (Prof. 
z. 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). 

It i.s worth reminding that soon afterwards, two s.ignificant 
Baltic 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. 'I'o realize the aims of the 
convention, the International Baltic Sea Fishor.ing Commissi.on vJas set 
up, seated in Warsaw. Another step on the way to protect tho 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 the Baltic countries i~ 
Helsinki (18th-22nd March, 1974). Similarly to the prev1ous 
case, the Baltic Harine Environment Protection Commission 
was set up, with the seat in Helsinki, in short called the 
Helsinki Commission. Both Conventions const1tute an 1mportant 
step in the cooperation of the Baltic_countries, on.a correct 
management and protection of the Balt1c a~d 1ts mar1ne . . . 
environment; they consti·tute a formal bas1s also for sc1ent1f1c 

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 outli0e 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 publ1cat1ons have 
appeared in that series. 



-~""'''''""'-------------------------------~ 

-4-

1.4 METHODOLOGICAL STUDIES DURING PILOT STUDY YEAR 

The third meeting of experts in Kiel, 22nd-24th April, 1974, 
was held just after the Ninth Conference of Baltic Oceanographers. 
'I'he ma.i.n point, besides permanent evaluation of the current 
state of work on the individual elements of the balance, was a 
project proposal on a new morphometric basis of the Baltic and 
its division into basic subregions, presented by a Swedish 
expert (Dr. Ulf Eblin), and just approved by the preceding 
Conference of Baltic Oceanographers. Dr. Ehlin also proposed a 
project of methodological studi.es, "P.ilot Study Year" (PSY), 
to be started in 1975. The basic aims of this project were 
approved to be: 

- to explore the feasibility 2n~ to study the best methods of 
determining t~e different elements of the water and material 
balances on a current basis, and based on data which can be 
delivered by the different countries, 

- 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 facil.i.tating the elaboration of the historical 
balance to be based on observational data already existing in 
the different countries. 

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

'l'he PSY was carried out s.i.multaneously 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 bri.ng benefi.ts to both projects. 

In September 1974, at the UNESCO/I'IMO International Hydrological 
Conference in Par1s, ach1evements of the International 
Hydrological Decade were summed up, and its follow-up, the 
International Hydrological Programme, was enforced. The 
international project ''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 
1 July, 1975 were specifically approached at the fourth meeting 

T) ~Ilot Study Year on the \'later and Material Balance of the 
Ba lt i.e Sea. Prograrrune prorosed by the Swedish delegation. 
Kicl, April 22-24, 1974. 
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of experts held at Has selby, Stockholm, 11th-14th F('bruary, 
1975. The PSY concept was presented also at the Third Soviet­
Swedj.sh Symposium on control of Baltic pollution (Roscnon, 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 1976. Soon 
after its completion, a meeting of an ad hoc group of experts 
(Ad hoc Pilot Study Group of Experts) was held in Sweden 
(Norrkoping, 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 (Restock 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 "\'later Balance of the Baltic Sea'' became 
widely known, due to information on it presented at various 
international conferences. At the Seminar on the \'later Balance 
of Europe (Varna, 27th September- 2nd October, 1976), the 
coordinator presented a paper titled "\'later Balance of the 
Baltic Sea in the light of other European semi-enclosed seas''. 
Similarly, at the Second UNESCO/WHO Conference on Hydrological 
problems in Europe (Brussels, 19th-23rd September, 1977), a 
report was presented to the group on regional hydrological 
activity. The project has been discussed many times at meetings 
of the IHD/IHP National Committees both of the Nordic countries 
and of the European socialist countries. At a meeting of the 
ad hoc working group (l'larsaw, 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 Baltic. East 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 

'.!'he international pr,oject "\'later Balance of the Baltic Sea" now 
entered its final phase. A third meeting of the ad hoc working 
group (Copenhagen, 1 8th-2 Ot;h February, 1 980) 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 
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'rwelfth Conference of Baltic Oceanographers in Leningrad. At the 
Conference, the coordinator presented a general paper on the 
state of works on the balance (Mikulski. 1 984a) . 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 rurposeful 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 ~ere 
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 balance, for which individual countries were responsible. 
At the Fourteenth Conference of Baltic Oceanographers (Gdynia, 
28th September-2nd October, 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 international summary 
report of smaller volume. J\fter the consent of the Helsinki 
Commission, this summary was to be included in the series 
published by ·the Commisson. 

Chapter 2. 

THE BALTIC AS A SYSTEM 
Zdzislaw Mikulski (Poland) 
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The Baltic is an inland, shelf sea. Despite of its relatively 
small area "15,266 km2~,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 vJith 
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 ocean (the North Sea) but 
under the clear impact of that ocean. 

The Baltic Sea is a hydrological object of very differentiated 
·charactei; 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 reservoir 
- 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 considered 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. 

2.1 REGIONAL DIVISION OF THE BALTIC 

2.1.1 Western boundary of the Baltic Sea 

As already mentioned, the Baltic Sea is made up of 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 division made on a ''hydrographic 
basis" (Dietrich 1950) became quite common. Hithout analysing 
this division of the sea or later divisions in detail, we shall 
here discuss the division into characteristic regions done in 
the course of the present project. The division was done in the 
Swedish Meteorological and Hydrological Institute, and discussed 
at the Ninth Conference of Baltic Oceanographers in 1974 (Ehlin 
et. al 1974); it was finaliy 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 
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c011sideJ~ation views existing among Baltic oceanographers, it 
was decided to sot the sea's boundary as running from the line 
separating Kattogat from Skagerrak, i.e. the line connecting 
the northern tip of the Jutland peninsula (promontory of the 
Skagons Rev Cape, Grenen) with the lighthouse on the Pater 
Noster Skorrics (Hammesk8ran on the foreland of the Tj0rn island, 
north of G0teborg, Sweden). The separation into sub-basins was 
based on thc.ir hydrologi.cal by distinct character which, in turn, 
results mainly from morphology of the bottom and coast. 

2.1.2 Seven main sea regions 

Por 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 balance. As an adaotion 
to computers, boundaries between sub-basins assumed the form of 
zigzag lj_nes, marked as straj_C)ht lines on the map. End points of 
boundary lines and their bends were defj_ned by geo9raphic 
coordinates. ~1e regional division of the Baltic Sea gained 
general approval among the Baltic oceanographers, and was later 
approved r.1s a bas is of research works conducted wi thj_n the 
framework of the Baltic Marine Environment Protection Commission 
- the Helsinki Comm.ission. 

The Culf of Bothnia was divided into the Bothnian Bay and the 
Bothnian Sea, divided by the archipelago of the Kvarken islands. 
The archipel.ago of the Aland Islands is included in the Bothnian 
Sea. The Gulf of Finland is a separate sub-basin similarly to the 
Gulf of Riga, which is ~oparated from the open sea by the islands 
of Saarenmaa and Muhu. The main region of The Baltic Sc~a is t:he BaJ t.ic 
Propc~r; the name has been commonly acceptE~d in scienti:fj_c 
literature, including the publications of the Helsinki Commission. 
The sub-basin formed by the Danish Straits includes three 
different straits: Oresund, Great Baelt and Little Baelt; the 
latter forming the Baelt Sea. The seventh region is Kattegat, 
whose boundary \vi th Skagerrak constitutes the accepted boundary 
of the Baltic Sea. Boundaries of the regions are outlined in 
Fig. 2. 1 . 

Sub-basin 1. The Bothnian Bay 
·(36,260 km2 J, northernmost---part of the sea, relatively shallow 
(max. depth 146 m); southern boundary is formed by the 
archipelagoes of the islands of Vallgrund, Xngers0n and Holman, 
divided by two straits Eastern Kvarken and Western Kvarken; 
the border line runs from the Finnish town of Vaasa to the 
Swedish town of UmeA. 

Sub-basin 2. The Bothnian Sea 
(79,257 km2), much deeper (max. depth 294m); its boundary 
with the middle part of the Baltic is constituted by the 
SotJI.llcrn tip of the Aland Islands archipelago so that the 
Alo11d Scu forrrts part of this region. 
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Sub-basin 3. The Gulf of Finland 
(29,498 km2) 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 km2), a water region protected from the central part of 
the Baltic by the islands Hiumaa, Muhu and Saaremaa; the border 
closing the gulf runs from the Estonian coast to the Muhu 
island, then to Saaremaa and then to the southern tip of the 
island (S0rve peninsula) to the Latvian coast (Kolka cape) . 

Sub-basin 5. The Baltic Proper 
(209,930 km2), main part of the sea covering the so-called 
central Baltic and southern Baltic, limited in the west by the 
Danish Straits; in j_ts 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 Gdaftsk with the Gdafisk Depth (max. 
depth 1~3 m), and the western part the Bornholm Basin with the 
Bornholm Depth (max. depth 105 m). 

Sub-basin 6. The Danish Straits 
(20,121 km2) together with Kattegat constitute the so-called 
transitional region of the Baltic: the only way of water 
exchange with the North Sea and the Atlantic Ocean; the following 
straits are included: 0rosund 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 Gedser cape (Denmark) to the Darsser Ort cape (GDR), 
including also ·the whole Mecklenburg (Lubeck) Bay at the coast 
of GDR/FRG in the area of the Danish Straits. 

Sub-basin 7. Kattogat 
(22,287 km2) is one of the strait-seas (together with 
Skagerrak), separating the Baltic from the North Sea - a further 
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 i::iresund 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 
Djursland 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 (Grone) on the northern tip of the Jutland Peninsula to 
the lighthouse on ~he Pater Noster skerries situated in the 
foreland of the Tj0rn island, north of G0teborg (Sweden). 
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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. 
~ashed lines show bou~daries between Baltic Sea subregions. 
Ih1ck l1nes show bounaar1es 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 
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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 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 Prope~ 6. Danish Straits 7. Kattegat 
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2.1.3 Sea i.lncc.ts and volumes 

These Baltic sub-basins constitute the basis for the water 
balance calculations. Due to existing earlier divergences 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-basins. The task was undertaken by Swedish specialists. 
Full cartographic material was gathered and controlled by random 
depth measurements; in some places differences were as much as 
100m. 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' \vi.dth and 2' length, thus creat.ing 135,000 basic fields. 
So-called aggregate fields were made covering 25 basic fields 
each: In each of the basic fields, mi.ddle depths were marked, 
based on marine maps wherever possible; thus each aggregate 
t1eld contained 25 middle depths. A data bank was created 
including also data from available maps. The middle deeth in a 
basic field is the depth closest to the middle of the lield. 
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 consi.dered moderate. The accuracy of 
calculated areas and volumes was determined with reference to 
the Gulf of Bntlll"l.'a· . r·t was fo1 d th ~ tl ·1 _

3 
·" 1n . a•.- .. 1e averaqe re .. ativc 

error was 10 in an area of over 5,000 km 2; in smaller areas, 
the error grew significantly. Comparisons were also made in 
various areas, for which Swedish source maps were available, 
constitutinq background for marine maps. The comparisons between 
these two kind of maps showed that marine maps usually give 
lower values of area and volume than source maps. With depths 
less than about 100m, 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 marino maps of smaller depths in shallower areas 
with regard to the shipping interests and a sel.ection of larger 
depths in deeper water 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. 2 DRAINAGE BASIN OF TilE 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 European continent. Location 
of Lhc drainage basin is limited by the following geographical 

·c)()r_·l_ii n.::tLc:s: 
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- southern limit 49°00' northern latitude (the Opolonek peak 
in Bieszczady in the Eastern Carpathians, watershed of the 
San drainage-basin in the upstream part of Vistula river­
basin, on the southern border of Poland 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 Norway 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.*) 
Vodla drainage-basin in the catchment area of Lake Onega in 
the Neva river basin). 

The determined geographical coordinates allow to define the 
linear extension: north- south 2,260 km, and east -west 
(along the 58° parallel) 1, 700 km. The geometric centre of the 
draina~e 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 tho sub-basins (second order catchment 
areas) . 

1 . Catchment area of Bothnian Bay 
(269,950 km2) 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 Maanselka Upland. The runoff of the Swedish 
rivers is as hi.gh as 20 1/s km2 , whereas the Finnish rivers 
carry about 10 l/s km2 . 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 i.n the English language are 
used that are found in the publication International Federation 
for Documentation (FID) (F.egionalization of Europe, 1971). 
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?::_: __ _c:~~c:}llllC'_n_~_c>rea of Bothni~n Sea 
(229, 700 km ) , where the ma1n role is played by rivers of the 
central part of the Scandinavian Peninsula, passing through the 
lakes in the Scandinavian Mountai2s and the Norrland Plateaux, 
w1th 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 Kokem!enjoki bringing 
the waters of numerous lakes around the city of Tam~ere. The runoff 
of th1s part of the catchment area is only 8 1/s km . 

3. Catchment area of the Gulf of Finland 
1419,200 -km2) has ~much larger area than sub-basins 1 and 2 and 
therefore a considerable influence on the gulf. The flow from 
Ll1c Coastal Southern Finland and the Lake Plain of Central 
Finland passes_a large group of lakes and delivers a runoff of 
about 8 1/s km2. 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 km2. The flow regime is in 
fluenced by the enormous lakes of Onega and Ladoga - its drainage 
basJ.n, mostly located on the South Karelian Middle Taiga Hill­
and Ridge Plain and in the northern part of the Prebaltic 
Moraine-Hill and Lake 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 
oy the Narva, whose whole drainage-basin lies in the Prebaltic 
Moraine-Hill and Lake Plain, bringing a runoff below 7 l/s km2. 
The whole catchment area is characterized by an even outlaw. 

!~ Catchment area of the Gulf of Riga 
1127,400 km2J :Ls rnaT11Ty the ··ovina 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 km2) and quite even. 

j. Catchment area of the Baltic Proper 
(')_6_8, 973 kinz--;·-y;o c~ichment are~1-of -the Gulf of !Uga is .included 
696,373 km2 ) covers on the Swedish side drainage-basins of 
small rivers of the Middle Swedish Lake Lowland with runoff about 
6-7 1/s km2 . 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, const1tuting 70 % of the 
area, with quite high runoff (6.6 1/s km~), draininq north-western 
part of the North Byelorussian Plains and western limit of 
Prebaltic Moraine-Hill and Lake Plain. The southern part of the 
catchment area is covered by the whole drainaqe basins of Vistula and 
Oder rivers, bringing water from the northern slopes of Western 
Carpathians and Outer Forelands, Sudeten Mountains and the 
sub-Sudeten Highland, Little Polish Uplands, Middle Polish 
Lowlands and finally the eastern part of Southern Baltic Hills 
c.tnd .Lakes Plains. A small part of the catchment area covers 
the Southern Baltic Coastal Plains with a runoff of only about 
~ 1/s km 2 . · 

il. Cdtdnnent area of the Danish Straits: 
{i,,.,;;,;,-:Ti:U);.l-the -Bolts (27 ,360 km2) is ':he smallest sub-basin 
• .ll ,·l!lnr·nt area, covering the eastern part of the Jutland 
l',·n i '""'1" dnd tlH' Danish Islands as well as the western part 
1Ji t !-i'' :--;k;'lnia P'-~ninsula. Hunoff about 9 1/s km2. 
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7. Catchmen5 area of Kattegat 
(78, 650 km ) is-characteriz~d by substantial asymmetry, with 
large quantities of fresh water supplied in the north-eastern 
part and considerably less in south-western part. The main 
river is the G6tariver, bringing waters from lake V~nern (the 
largest among the Swedish lakes), originating from the Middle 
Swedish Lake Lowland and the southern part of the Norrland 
Plateau; its drainage- basin constitutes almost 2/3 of the 
catchment area

2 
The catchment is characterized by high runoff, 

over 11 1/s km . However, attention should be paid to the fact 
that the G6ta discharges itself at the northern limit of 
Kattegat. In case there is an outflow from the Baltic (much more 
frequent than inflows from the North Sea), the G6tariver water 
flows directly to Skagerrak, without really participating in the 
exchange of the whole water mass of the Kattegat. In such cases 
the G6tariver 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, the GDR, 
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 European part of the USSR is in 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 

Mi.,'.L'I JODOLOG Y 
Zclz.i.sJ.aw Mikulski (Poland), Malin Falkenmark (Sweden) and 
Ulf Ehlin (Sweden) 

3. 1 INTRODUC'l'ION 

The Baltic Sea is claimed to be one of the most polluted sees 
of the world. Ecological impact assessments depend on good 
information on the water renevli'tl of the different parts of the 
system. The necessity to determine the water balance was pointed 
out already by the beginning of the present century (KrUmmel 
1904, Spethman 1912, Witting 1918, Runde 1922). However, well 
organized measurements had to wait for the foundation of the 
J,ydrological Conferences of the Baltic States in 1926 to be 
made poss.i.ble. 

Until 1939, only partially homogenous incomplete hydrological 
data were brought together, and the data had to wait for 
\'Jorldwar II to end before compilation and analysis became 
possible (Brogmus 1952). Two years later, also the fluctuations 
of the water balance had been analyzed (Wyrtki 1 954) . Since then, 
continuously increased interest in the system has been generated 
by oceanographers and ecologists, in response to the environmentAl 
problems developing in the wake of ever increasing pollution 
loads from the countr i.es border inq the sea. 

3. 2 vJATER 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 
exchanqe 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. 

Hydrologists, on the other hand, tend to reqard the semienclosed 
sc'a 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 exchanqe, and take less notice 
or the salinity of the different water balance elements. 

'L'lw 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 restrlcted wat.er 
exchange only. Basically, the water mass of the Baltic conslsts 
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 instrusions 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. 

'l'he renewal of the water mass is described by the water balance, 
a concept quite extensively used by hydrologists. The concept 
includei the quantitative 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 runoff (L), 
salt water inflow through the straits connecting the semi­
enclosed basin with the bordering sea (M), water storage or 
retention (LW), and water outflow (H). 

p E 

----- - -- --- --l-
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M 

p 

E 
L 
tJ.V 
H-M = 
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precipitation 
evaporation 
river inflow 
storage difference 
net outflow 

3.1 Water exchange model 

-- -- - - tJ.V 

L 



In c:omblnation, these water renewal processes are of primary 
.i_mpo.rtance 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 
tho system to recover, once that new pollutants are no longer 
int.roduced, and the remaining pd>.llutants in the basin are 
successively swept out through the outlet with the waters leaving 
tho Baltic system. When analyzing trends in the pollution or in 
the natural biological and chemical conditions, also long-term 
varj_ations and trends in tho 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 also 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 corr,par ing the individual inputs and outputs of 
freshwater, and the complementary inflow of salt water from the 
North Sea. The following balance equation expresses the water 
balance: 

(P - E + L) + (H - M) = 21 V 

supply of 
fresh water 

net exchange difference in 
with the Sea retention 

The ne·t fresh water inflow (P - E + L) includes the three 
PJ::l_I1l_ary water balance elements precipitat.i.on (P) , evaporation 
(E) , and land runoff (L) , and is influenced by climatic conditions and 
hydrography of the drainage basin. The net freshwater outflow 
(H - H), and the water retention .in storage 6 V could be seen 
as _c;cc_S>.l:l?ary elements in their consti.tuting the effects of the 
balancing of the primary elements with the sea water inflow (11) 
from the North Sea. 
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3, 3 SEPARA'l'E 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 w~s di~ided 
between the riparian states according to the maln prlnclple that 
each country took the main responsibility for one element each 
(Fig.3.2). 

Due to the ten,poral 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 balance. The 
period was divided into two decades to study differences between 
individual decades. 

It was furthermore recommended to accept - as far as possible -
the period 1931-60 as a period of reference, interesting for 
this 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 years and situations 
illuminated and analyzed. 

3. 4 REGIONAL SUBDIVISION OF THE BALTIC SYSTEM 

It was moreover decided that the water balance studies should be 
carried out separately 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 lndlVldu­
alities of the different subbasins, and to arrlve at an lncreased 
understanding of the water renewal of the different parts of the 
cascade system, both for longterm average conditions and for 
extreme years and seasons. 
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FIGURE 3.2. Work distribution and data flow between 
riparian countries 
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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 wj_ll find 
the details in the chapters, describing the work element by 
element (Chapters 4-9). 

The studies involved in the calculation of the precipitation over the sea 
surfaces were performed by the Swedish-Meteorological and 
Hydrological Institute (Dahlstrom 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 
;:>roblem, 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 obtained 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 both 
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 to the 
aerodynamic method were ex'tremely inhomogenous. 1'he methodological 
difficulties involved induced the scientists to undertake a great 
measurement effort during the period July 1975- December 1977. 
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Joint action in all the Baltic countries durinq 
this concentrated period produced a large data material, in 
effect 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 also 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 yearly 
minimum takes place during the spring. In the spatial dimension, 
the evaporation increases from Gulf of Bothnia towards the 
Danish Straits and Kattegat. 

Poland undertook the responsibLl.ity 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 to check 
the accuracy, calculations were carr_ied out for the two decades 
composing the historical period 1951-70, based on respectively 
65 and 71 controlled rivers. The error of calculation was found 
to be within the range of a few recent (exceptionally up to 
10-13 %) • 

In the period 1921-75, the inflow during individual decades was 
noted to show a quite distinct stability (Mikulski 1982). As 
f11rther developed in Chapter 4, river inflow culminates in spring 
(April-June) and t:akes on its lowest values in winter. A 
statistical analysis of the river inflow was performed 
in cooperation 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 Finl2nrl. 
Mean values for multiyear periods do not differ much from 
estimates i.n 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 given 
considerable efforts in the project 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 exposed to 
local influence. From mean daily levels, monthly average were 
determined for the five regions inside the Danish Straits. 
l\s all other water balance elements were studied by monthlv 
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 follow1ng 
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-year 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 outflow 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 decided- as already indicated -to undertake 
a special Pilot Study. The study was planned to 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 
mentioned, undertook extensive 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 error 
in the water balance calculations. Unfortunately the results 
were not of such a quality that this goal was reached. The 
results of the Dani~h 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 c~lculations 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. 



Chi1ptcr tJ 

INFLOW FHOM DHAINAGE BASIN 
Zdzislaw Mikulski (Poland) 

4 . 'I i•lE'ri-IOD OF CALCULATION 

4.1 .1 Selection of method 
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'l'he Baltic drainage area is characterized by a large 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 
hydrometric control, enabling precise determination of the 
inflow, the detailed calculations demanded in this case involves 
a large amount of work. On the other hand, an oversimplification 
would adversely affect the results of the determination. The 
method chosen for computati.on of the inflow is based on a 
selecti.on of rivers, representative for indi.vidual regions and 
so that their drainage-basins cover a large part of the drainage 
area of the Baltic. 

Systematic hydrometric control covered some of ·the more important 
Baltic Rivers as early as the first half of the previous century 
(the G0ta 1807, the Neman 1811, the Vuoksi 1847, the Neva 1859); 
others at the end of the century (the Kymijoki, the Kemijoki, 
the Lule Slv, the Angerman Mlv). 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 inflow in the period 1951-60 was made 
at the end of the 1960s, in other words before an organized 
cooperation in this field was begun and applying border lines 
and region areas, differing from the later defined ones~ 
(corrcspondi.ng to a total drainage area of 1,649,550 km ) . Left 
outside these studies were parts of the Danish Straits and 
l<i1tte<)at (Mikulski 1970). 

~·or Lhe period 1961-70 (Mikulski 1972) monthly inflow was 
cJ,•(c:r·minc•d, assumin<J a somewhat different size of the drainage 
a10'' (1,634,823 km2), but within the same border lines and for the 
:--;,lJHC~ arc~as as ea.rlj.e.r. 
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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 (Eblin 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 1921-75. 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, preferably in hydrological annals, 
especially in the UNESCO/IHD/IHP yearbook. 

The Bothnian ~ay (269,950 k~2) was ~epr~se~ted by t~e following 
n.vers: Lule alv (25 ,250 km ) •l, KemlJOkl (::>0,900 km ) and 
ialajoki (3,024 km2); adding up to a controlled area of 79,174 
km2, which constitutes only 30 % of the drainage area of this 
subbasin. 

The Bothnian Sea (229,700 km2) was a~so_represented by
2
three 

rivers: DalSlven (~9,040 km2), KokemaenJOkl (26,025 km ) and 
Ume Slv (~6,730 km) ,corresponding to a controlled area of 
81,795 km, or 36% of the drainage area. 

The Gulf of Finland (419,200 km2) was similarly represented 
by three rivers, although with a decisive sup~emacy of the 
Neva: Kymi~oki (36,537 km2), Neva (281,000 km )_and ~arva 
(56,000 km ) ; the controlled area 1.S 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 km2), due to a big and varied drainage 2 area was represented by six rivers: MMlaren-Norrstraw (22,600 km ), 
VMttern-Motalastram (15,470 km2), AlsterAn (1,537 kmL),

2
Neman 

(81,200 kmL) Vistula (193,866 km2) and Oder (109,364 km); 
the controlled area amounts here to 424,037 km2 which constitutes 
75 % of the drainage area. 

The Danish Straits (27,360 km2) and Kattegat (78,650 km 2 ), due 
to only small rivers exi~ting in the area, were represented only 
by G0ta 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, assumin<) 
that runoff from the drainage area has intermediate values between 
the flows of the Oder and the G0ta. Thus, the drainage area of 
J<attcgat was in this case controlled to 64 %. 

The Baltic Sea (1,721,233 km 2 ) is in other words rcpresen5ed_by 
17 rivers, controllin<J altogether an area of 1,091,223 km, 1..e. 

63% (less than two thirds) of the whole drainage basin. 

*)the values in the parantheses are the sizes of river-basins 
controll~d 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 method, i.e. based on 
the data from the 17 representative rivers, with the results of 
detailed calculations for both 10-year periods 1951-60 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 

1951-1960 ;m3/s/ 1961-1970 /rr? /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 6, 165 + 4.9 

Gulf of Finland 3,738 3,722 0.4 3,482 3,464 0.5 

Gulf of Riga 1, 026 993 3.3 848 847 0 

In conclusion, the error caused by using the simplified method 
in case of 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 estimatedat 
about 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. 1942 - 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 outflow of Lake 
MMlaren), 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 
Kalajok~ and

3
the MMlaren) , or a~cepting the lowest value of 

flow Q - 1 m /s (degree of prec1s1on 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 drainacre area of a river, could be avoi.ded. 

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 
difficulty. The chosen procedure is at the same time an attempt 

.at automatising the water balance computations of the Baltic 
Sea, which w.ill be of real importance when preparing an operative 
balance. The resulting r1ver 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 TO THE BALTIC 

4.2.1 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 
1n t1me and amounts as a long-term average for the whole period 
1921-75 to exactly 14,900 m3 /s; in the reference period 1931-60 
it amounts to 14,600 m3;'s (461 km3), which constituted 97 % 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 % ( 1942) and 130 % ( 1924). It is worth underlining that 1924 
was characterized by an exceptionally high value of the inflow 
of !9,500 m3 /s (618 .km3) and §he second highest yearly value 
(19.>1) lS 17,700 m3;s (560 km ). Ind1v1dual 10-year 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 1941/5b 1951/60 1961/70 1971/75 

109 % 100 % 93 % 1 0 1 % 100 % 93 % 



Table 4.2 

RIVE .. P. Th?LO\'l 'ID THE BALTIC SEA / mm/ 

Pilot Study Year 

i 
\ 1 9 7 5 >1 9 7 6 ·SUM 
I i i 
!VII VIII IX X XI XII\Sum I II III IV v VI VII VIII IX X XI XII Year 1PSY 

1 .. BoUmia.D Bay i 129 114 181 255 186 168 '1 033 166 162 153 188 516 232 130 151 122 121 141 139;2082:3115 

2 .. BoUmia"l Sea l 90 88 82 117 96 89, 562 88 80 82 64 116 118 83 80 68 57 59 62i 957!1519 
I I i 
I I 

170 (17691161 :3. Gulf of Finland i398 343 309 300 249 158 182 254 325 315 318 311 300 296 272 221 ;3113!4882. 
i I 

j4. Gulf of Riga 50 34 29 32 30 36 211 : 48 31 54 372 300 109 85 37 43 35 44 64; 1222 i 1433 
I 

i 164: 
I ' 5. Baltic proper 32 35 22 24 25 26 40 31 43 60 36 33 20 18 17 21 22 31 . 372i 536 "' I CD 

; 

Sund and Belts 20 24 22 16 16 16 114 22 17 22 19 18 17 12 13 13 13 12 15 193i 307 
; 
I u. Kattegat 59 82 81 52 48 47 369' 55 42 62 52 54 54 41 42 40 40 32 37 551 ' 920 

-7. Total Baltic 77 75 71 82 70 61 436 69 61 70 95 124 90 66 64 58 57 58 61 873:1309 
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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 inflow is charac­
terized by an inflow of melted snow (Fig. 4.2). 

After a start with the lowest values at the beginning of the 
year (January and February, 69 % of the yearly inflow value 
each), there is in the spr:lng a significant rise in the river 
.inflow reaching a maximum in May ( 16 0 % 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 tho period 1921-75 
is exposed in Fig. 4.1. In general, tho 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 obviously an influence of the river development of the Neva. 
It also indicates a significant share of that river in tho 
total inflow to the Baltic. 

Analysing the seasonal changeability of the inflow to individual 
subbasins of the sea, an influence of the river basin development 
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 October. A similar course 
is manifested by the inflow to the Bothnian Sea with a minimum 
also in March and a slightly lower maximum in June. 

The Gulf of Finland is characterized by a different, quite 
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 maxi.r,mm in April and a slightly marked secondary maximum 
in November; the spring maximum for the whole period reaches 
348 % of the average yearly value, and is a result of comparatively 
early - as for the drainage area of the Baltic - inflow of water 
resulti.ng from snow melting. 

The course 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 
m.in:imum i.n September (66 % of the average value for the whole 
period). A very even course is shown by the river inflow to 
!ht.c Dan.ish Straits and Kattegat; in this part of the Baltic 
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2 Bothnian Sea 
1 Bothnian Bay 

...___---=~-3 Gulf of Finland 
4 Gulf of Riga 

7 Kattegat 

---==:::;:::::o::~=e Sund and Belts 

4.2 Seasonal variations of river inflow to the subbasins of the 
Baltic Sea. Lo~g-term average 1921 - 75 
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high values occur dur.i.ng winter (w.i.th a slight.ly marked mj_n:Lmum 
in March) and low values .i.n summer (with a minimum i.n ,July). 

1

The annual course of r.iver inflow to the Baltic SccJ a:.:; a whole 
.is the resultant of inflow to .its individual c3ubbas:i.ns. 'l'hc 
predomina·ti.ng period when minimum occurs is winte1· (with an 
except.ion of the Dan:i.sh Straits and Kattegat); the maxLmums of 
inflow occur over a longer pcr.iod of time - from March (the 
Danish Straits and Kattegat) through April (the Gulf of Riga 
and Baltic Proper), May (the Bothnian Bay), June (the Bothnian 
Sea) till July (the Gulf of F.i.nland - the Neva river-basin 
oordering the drainage area of the White Sea in the north-east) 

4.2.3 Horisontal water renewal 

lVhat is the share of river water Jn the total water mass i.n t.ht~ 
subbas.i.ns and .i.n the Baltic as a whole ('.!'able 4.3)? llndoubbcdly, 
the biggest share is in the Gulf of Finland. Theoretically 
ovc"r a year, the new layer of river water would reach :L 7 3 m. 
A large share is also noted in the Gulf of R:i.ga (7.1 %) where 
the layer would be 1.61 m; sim.i.larly .i.n the Bothn.i.an Bay 
(6.4 %), the analogous water layer would reach as nmch as 2.62 m. 

The" smallest share of ri.ver waters i_s noted in Balt.i.e Proper 
( 0. 8 '') , where the layer would reach only 0. 4 a m, and also in 
the Danish Straits (2.6 %), the layer reaching only 0.38 m. 
For the system as a whole, the share of river water amounts to 
2.2 'b, which gives a layer of 1.13 m; undoubtedly, the low 
contribution from the drainage-area of the Baltic proper .i.s 
reflected here (only 5.7 l/s km2 combined w1th a large area and 
capacity of that region of the Baltic). It should be stressed 
that these remarks concern the annual contribution to the water 
volume, and not the share of r.i.ver water in the water balance' of 
the sea: this .issue w:Ul be discussed separately :Ln Chapter 10. 

4.2.4 Statistical inflow analysis 

A statistical analysis of: the calculated river inflow was made 
based on the 50-year data material for the years 1921-70 
(Hupfer et al. 1979). 

It was found out, among other things, that the strongest 
regional correlat.i.on occurs between the .i.nflow to the Bothnian 
Lay and the total inflow to the Baltic. Quite high correlation 
exists also between the inflows to the Gulf of Riga and Baltic 
Proper (two regions similar with respect to the climate). 
Correlations among values of the .inflow to the whole Baltic 
show a dominant influence of the Bothn.i.an Bay and the Bothnian 
Sea; a smaller influence is shown by the Gulf of Finland, 
the Gulf of Riga and Baltic proper. As a general conclusion, 
tLe Bothnian Bay and Bothn.i.an Sea as well as the Gulf of !Uqa 
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and Baltic proper behave relatively homogeneously, while the 
Gulf of Finland and the Danish Straits and Kattegat differ quite 
considcrabl.y from those regions. · 

•-1. 2. ~J Concluding remarks 

~he presented calculations of the river inflow to the Baltic 
Sea are based on a quite homogeneous data material covering a 
considerable period of time. The obtained results seem to be 
fully representative and can constitute a basis for calculating 
the normal water balance of 1:he 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 is 
possible to state that most of the values obtained earlier do 
not show significant differences from the long-term average 
(55 years). For example, Spethmann (1912), Witting (1918) and 
Runde (1930) obtained results with an error only w.ithin the 
range of :': 1 %; similar values were accepted by Brogrr,us (1952) 
in his rev is .ion of the water balance of the Gal tic. Sl.i.gh tly 
bigger differences can be noted for individual regions, 
probably caused by acceptance of differing region-boundaries 
and thus different drainage basin areas. 

Determination of river inflow to the Baltic should be continued. 
This is strongly motivated by the role of this element in the 
present water balance of the sea, the role it plays in 
hydrological relations in general, and also by the anthropogenic 
changes of the inflow caused by progressive hydrotechnical 
development of the rivers in the drainage area (Ehlin and 
Zachrisson 1974) as well as intensification of land management 
:Ln general, which would be expected to alter the runoff 
cond:L tions. 
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Chapter 5 

DETERMINATION OF AREAL PRECIPITATION FOR THE BAL'I'IC SEA 
Bengt Dahlstrom (Sweden) 

5. 1 IN'I'EODUCTION 

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 Dahlstrom (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 1·1E'L'HODOLOGY 

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 

1931-60 
1951-70 
1975/76 

Number of stations 

299 
226 
464 (the Pilot Study Year) 

Some countries have also submitted data for the period 1971-
1975. 
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'J'he data coverage was densiest in the region of Denmark and in 
Lhe other coastal regions, the density of stations was ronghly 
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 sJ.mplc 
procedure and consists in emptying a bucket and measuring tl1c 
amount by using a graduated glass. In the case of solid 
precipitation the content of the gauge is melted and then 
measured. Despite this simple character of measurement the 
value obtained is influenced by a variety of errors. 

Due to the fact that the error sources frequently interact in 
causing a deficiency in the precipitation amount it is important 
to find suitable amendments for the point measurements. As a 
lodestar when goinq through the jungle of possible error 
influences on point measurements the following mathematical 
model can be used (cf. B. Dahlstr6m, 1970) 

pI - p + I) +• JO +/\p + E ···- .. S . A PW + /\pP. +/\pD + /\pp 

errors due to meteoroloqical 
and instrumental factors 
combined 

purely 
.instru­
mental 
error 

error caused by the 
observer or by 
unforeseen incidc:mts 

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 = true amount, E = evaporation/condensation, S = splashing/ 
driftinq of snow, A = aerodynamic influence (the "wind C)ffect:" ) , 
W = wettJ.ng, 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 
aerody~amic .i.nfluence. ( L Pp), the wettinq error ( /. Pwl and the 
error oue to evaporat1on (6PE). 

In qeneral the magnitude of the corrections are based on special 
field investigations designed to reveal the error sources 
inherent with the respective precipitation equipment. A compre­
her.scLve survey of this research field is contained .Ln VJJViO 1982. 

1'lle J.irrlited space available does not permit a description here 
c111 the indi_vidual correction methods applied in the respective 
country. Ilcwever, part of this information can be obtained from 
the follow.inq references: Solantie (1974, 1977), Korhonen (1944), 
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ct uzer and Golubev (1976), Alleru and Madsen (1980), Ka~baum 
( 1 ~69, 1970), chomicz (1977), Wielbifiska (1977), Dahlstrom (1973) 

2 The quantitative correction effect obtained 5. 2. 
by the various methods 

For the computation of statistical characteristics of ~~e c 

precipitation field it is important that flctltlous patter~g._ 
or large systematical errors are not lntroduced by the correc 
tion method applied. 

Table 5.1 comparison of the applied corrections in the . 
respective country: Mean ratio between correctlon and 
corresponding corrected precipitation sums 1931-1960. 
The corrections have been determlned by the respect1ve 
country 

Honth 

J F M A M J J A s 0 N D YEAR 

§_~eden 

11 3 stations 0.20 0.21 0.21 0.16 0. 11 0.08 0.09 0 < 10 0.09 0 < 12 0. 14 0 < 18 0. 14 

!•'inland 

r:,a grid 

points 0.30 0.30 0.29 0 < 18 0 . 11 < 0.06 0.05 0.06 0.08 0.13 0 < 19 0.23 0.15 

l!.~.§..~ 

20 stations 0.36 0.33 0.38 0.18 0 < 1 5 0.10 0.07 0.09 0 < 1 2 0 < 14 0.22 0.34 0 < 18 

l:~.Q:~~~~~ 
18 stations 0 < 18 0 < 21 0.15 0. 16 0.13 0.09 0.09 0.09 0.10 0.13 0. 16 0 < 17 0. 1 3 

DDR 

2 ~) stations 0.21 0.20 0 < 18 0. 16 0.13 0.09 0.10 0.09 0.09 0.13 0.15 0.15 0 < 1 3 

FRG 

l1 stations 0. 19 0.20 0 < 17 0.17 0.12 0.09 0.09 0.09 0.09 0.14 0.17 0 < 16 0 < 1 4 

!)_~~nmark 

34 stations 0.20 0.20 0.17 0 < 17 0. 1 2 0.08 0.10 0.09 0.09 0.13 0 < 16 0. 18 0 < 1 4 

1 11 Table 5.1 above the mean relative correctio~s (expressed 
relative to the coriected sum) for the respectlve country ar~ 

- - t d Due to the fact that the estimates of the correctlons J•Lcsen e · d · t. lts 
r<' based on results from ~ndependent field stu les ne resu 

:e;n1 to agree remarkably well. Due to the type of instrument 
··n~ to the variability of the meteoroloqical conditions the 
't

1 

n 1e percentages are not expected to be identical. 



'~. J Some aspects on the areal estimation probJ.crn 

~'l1e dete~mination of areal precipitation over oceans respcctJ.ve 
~~cr ~em1closed ~eas, such as the BaJ.tic Sea, consists basically 
oi the same problems. However, the data coverage ls more 
Siltisfactory within the region of the BaJ.tic Sea than wii:hirl 
·the oceans. 

The present investigation has been carried out on the basis of 
~~~a from c~nventional precipitation measurements. The basic 
Gltference 1n approach between this investigation and the 
pr~v1ous con1putations of the areal precipitation is that corrected 
~)2.1.~1~ rnea:surer:len·_ts have been used. 'rhe areal estimates hr.lvc: bcc;n 

b
oulalned uy s1.mple extrapolation of the climatological. fiel.d and 

y usc uf statistical interpolation. 

':).2.4 Stat.isti.ca.l interpolation of precipi.tation at '"'"' 

For th,c; areal esti.mat:i.on of orecipJtati.on w.ith·1'n ·t·J·Je· ·J"".,.,,. •···1 1- •. -·· .. >ClJLL_,,_>(::..c 

and its s~b~asins the method of statistical interpolati.Oil·h~1 ~ 
been,applled on normalized precipitation fields. The normalized 
fl~las_have been extrapolated from the avail.ab1e cJ.imatc)J.ogicdJ 
polnt data. · 

Th~ interpolation of grid values was applied bv use of ccJrrec·ted 
po1nt precipitation data. The deviation of the-corrected 
mea suremc~nts from the true point values was taken in to tJ.ccoun t 
al the .interpolation, see Gandin (1963, 1970). 

Tl1ere is li.mited j_nformation available on the statisticnl nature 
of the error .Ln the corrected data. It is quite clear th~L 
besides the random error in the corrected values theJ:e arc also 
probably systemati.c errors j_n all the point correc~ti.on motllc)ds 
used by tl1e respective country. 

Due to the fact ·that no 1 true' data se·ts are availab]_e it i.s 
difficult: to reach quantita·tive concltlsions on the nktqn:i.tude of 
the error in the corrected point data. ~ 

~o_further evaluate the interpolation error some qualJ.tative 
JUdqements <:Lre g ivc~n below on the error character'I--stfCf;-·-()}:' ........ _ 
.~~) r r ~s-:.:1:._~~~ d a t d • 

1 · !!~~-~a-~.~-?:_.l_~!..!._~~~-corrf:?lC~~.i.ono In a set. of nei.ghbourinq 
st~~1o~s, ~sed at the interpola-tion of a grid value, tho 
fo.Llow.1.ng factors act towards less spatial con:elat:Lon of 
errors in the adjusted data: 

t.l • ~r11e, stations are - depending on their site - expo.::.;ed to 
var1ous meteorological conditions, especially differences 
J.n wi11d.exposu~e of the rain gauge. Conseque~tJ.y, t:he 
l~orrectlons and tl1e corresponding errors in the ccJrrcctior•s 
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are subjected to a certain 'random' influence, connected 
with the variation of wind speed and other parameters 
between stations used for the correction. This 'random' 
influence thus acts towards a low spatial error 
correlation. 

b. The available corrected point data arc subjected to 
different correction methods depending on the techniques 
and way of application used in Denmark, Finland, Poland, 
Sweden and USSR. These methods seem to have been developed 
essentially independently. The fact that different 
methods have been in use acts partly towards a greater 
spatial independency of errors between points representing 
different countries. 

c. 'l'he point correction methods developed by the respective 
Baltic bordering country have been developed on the basis 
of information obtained by special field investigations 
on error sources at precipitation measurements. It seems 
o 0nsequcntly relevant to expect that the main systematic 
deficit in precipitation catch is eliminated by the 
developed point correction methods and that the inaccuracy 
of the adjusted data is dominated by a random error 
component. 

With reference to the items a-c above, spatially un­
eorrelated errors are assumed in the absence of the 
precise information of the nature of the errors. 

5.2.5 Normalization of the precipitation field 

one crucia} problem at the interpolation of rainfall over the 
~ua concerns the anisotrophy of the precipitation field. 
!~specially the efficient production of rainfall at stations 
;dong the coast during the warm season contrasts strikingly to 
\~he moderate rainfall at sea. In the autumn the reverse 
<:limatological regime exists. 

'J'he normalized values used in the computations were obt.ained "''· 
L h(:·~ deviation of the observed rainfall quantities fr,:Jm ·::he 1cng 
t<>rm average and divided by estimates of standard deviation. 

'!'he method applied to dcterm.ine the climatological fields can 
he characterized as a rough method based on linear, weighted 
interpolation with climatological adjustment for the land-sea 
J>recipitation gradients. The method consists of the following 
n Lc:ps: 

'J'hc monthly precipitation measurements were allocated to the 
nearest points in a regular cartesian grid covering the Baltic 
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sc~a. and the nearby J and ~ :::.· . - - aleas. From quaUtat' . ' ~ grld distance of 50 k · · - lVe JUaqements 
. __ .· - m was selected If t'. · 
;,tdtron was situated w·t·h· . . .. mon' ;tan one ,. . . . _ - 1 J.n a d1stanee of 2c k·· ·f· __ ... pee.lf lC gr:1 o point th- .. th . - CJ J,: ... roiu the 
•- · · · e ar1 met1c average of tl J.JOUr 1ng values was alJ 

0
• t d -- . - - -1ese nei9h-_ · ca e to th1s grid point. 

Part of· tl ·1e grid was th f'll us 1 .ed with observational d ata. 

The grid data, that were• obt~· d b . -" 1 c...tlne y th1s ~t LOr tle estimation of data at th . : s .ep, were used 
points. e remarnrng 'empty' grid 

-Distance weighting and 1 . 
matrlx, centered at lnear interpolation within a 7 x 7 

the respective grid point. 

-Adjustment according to 1 . sea gradient a c lmatological precipitation land/ 

Statistics on the mean rainfall l d ·- . 
for the coastal areas of the diff an /sea gradlent was computed 
dlfferent monthQ It t· - • erent sucbasJns and for 
• . . a. .urnea out that th' t· . . bensrtlve to what st•t' lS s at1st1cs is highly 

u Jons are select d f - ·- ·-
these Cjradients. · e or determination of 

On the basis of corrected o' - ._ -
acceptable Jo· t' P 1nt datd from - - ca lOns the following annual 
computed: -

Table 5.2 

a few stations with 
gradients G(cl), were 

The precipitation gradJent of th -
reduction of the precipitatlon freomB.altlc Sea. The annual relative 

· shoreline. 

Subbasin No 

1 -2 

3-7 

Precipitation gradient G(d) 1 d ~ dist f annua values 
___ - ance rom shoreLine 

d < 100 km 

0. 1 3 

0.05 

-----------·----· 
d > 100 km 

0. 1 9 ') 

0.075 
-------·------------

The relatively cold water in the subb .· . 
duratlon of ice cover giv- - - aslns 1 and 2 with a longer 
th . h . cs a steeper gradJent . 'h an .rn t e other parts of th ~ . ·. ln '' esc reg ions 
oroegenic effects on the west:r~altlc Sea: In addition coastal 
Sea make the gradient rel t' l Slde of the northern Bothnian 

. a rve y steep. 

The results in Table r 2 . . 
Cjradient is stee~e~ cf~se 1 ~~·~~~es~hat the precipitation 
from the s!Jol-'' 'I'hl' . . . . orellne than more ell stant 

~ .. ~. s lS Jn ~gr by Andersson in hJ ' t· - · ' cement with the result obta1ned 
.s s uay of the prec· 't t' 

southern Bothnian Sea • Ad · 1P 1 a·lon in the region of 
• see n ersson (1963, p. 300). 
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5.2.6 Normalization due to variability 

The information for the proper computation of the standard 
deviation at the location of the respective station was in 
general only available at certain stations. At grid points no 
relevant measurement data were available for the computing of 

statistical quantities. 

In addition to this lack of information the relevant estimate 
of statistical measures of the variability of precipitation at 
coastal stations is not easy to determine due to the fictive 
variation caused by the error sources inherent with the 
measurement. It was therefore decided to normalize the observed 
values by regression esU.mates 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 of rainfall at the respective stations. 

By use of the climatological averages a si.mplc 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 the climatological values were 
divided by the respective values s. to get the normalized fields. 

1 

5. 3. RESULT OF THE COMPUTATIONS 

5.3.1 Areal estimates and comparison with previous results 

The previous investigations on the areal precipitation within 
the Baltic Sea have not quantitatively taken the error sources 
inherent with point precipitation measurements into account. 
These error influences, dominated by the aerodynamic deflection 
of precipitation particles around the instrument, give the 
integrated effect of a deficit 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 fact that corrected point measurements have been used in 
this project mean~ that the areal estimates can be expected to 
be larger than the results from the previous investigations, 
where uncorrected point data in general have been processed. 
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'I';I}JJC '). 3. 

comparison of areal precipi ta tcion estimates for the Bal ti.c Sea 

·--------------·---------

Subbasin 
Areal precipitation (mm) - yearly averages 

No B.Dahlstrom* W.Brogmus !l.Simojoki R.Wittjng 

1931-60 1951-70 (1886-1935) 1886-1935 1898-1912 
-----

1 554 535 405 449 533 
2 598 572 425 473 554 
3 677 593 560 576 595 
4 653 590 580 569 560 
5 655 628 4 73 544 570 
6 685 692 515 
7 684 701 
- 5 635 603 470 525 565 
·- 6 638 607 4 74 
- 7 639 613 

* pncsent inves·tiga tion 

':l'he ciroumstance that the estirnates are made for different 
periods and the fact that no quantitative 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 ma:lnly 
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 
S (1931-60) and 6 (1951-70) .The areal distr.ibution over the 
Baltic is illustrated in Fig. 5.1 (1931-60). 

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

5.3.2 Verification of results 

The uncertainty of the method applied for the estimation 
of the climatological areal precipitation is in particular 
connected with the weighting function applied and the adjustment 
of the precipitation gradient. 

'l'lw verification, theoretically or experimentally, of the 
computations is not easy to perform. The accuracy of the 
eslinmtion procedures is believed to be approximately the same 
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Subbasins 

2 Botlmian Sea 

3 Gulf of Finland 

Gulf of Riga 

3altic P:rc:::>er 

G 

-
' 

1-7 Total Baltic 

&lbbasin 

Both.'l.ian Bay 

2 Botlmian Sea 

3 Gulf of Finland 

4 Gulf of Riga 

5 Baltic Proper 

6 Sillld and Belts 

7 Katteqat 

1-7 Total Baltic 

:rm3 
:<:::-:~ 

mm3 
km 

Table 5.4 Precipitation c.~..rring the Pilot S~udy Year. Areal estimates on individual subbasins A 

a. 1975 

I II III v \li VII VIII IX X XI XII Year 

54 14 14 27 42 32 16 80 71 38 52 51 491 
1 . 96 0. 51 0. 5'1 0.98 1.52 1.16 0.58 2.90 2.57 1.38 1.89 1.85 17.81 

46 18 25 28 46 40 28 so 67 32 38 41 459 
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 

51 23 29 72 42 44 43 59 47 34 55 68 567 
16.73 1.60 0.68 0.86 2.12 1.24 1.30 1.27 1.74 1.39 1.00 1 .62 2.01 

48 15 34 66 47 22 41 25 44 38 46 87 513 
9.18 0.86 0.27 0.61 1.18 0.84 0.39 0.73 0.45 0.79 0.68 0.82 1.56 

48 ' / 
j 0 ~ u,::, 

96 
2.14 

52 17 
21.59 7.06 

Table 5.4 

I II 

47 39 
1 . 70 1 . 41 

III 

36 
--:-.56 

45 
9.45 

~, . 23 

3'! 44 
12.87 13.27 

IV v 

43 
9.03 

43 
'17-86 

\'I 

20 
4.20 

27 
11 . 2 ~ 

VII 

49 32 
~~ 0. 29 6. 72 

2-: 

42 
: /. 44 

VIII IX 

58 
12.18 

68 

X 

49 
10.29 

:. 44 

XI 

S8 

XII 

45 
9.45 

482 
1 01 . 22 

517 
10.39 

: /b 

Year 

27 21 17 23 51 19 45 26 60 37 412 
0.98 0.76 0.62 0.83 1.85 0.69 1.63 0.94 2.18 1.34 14.93 

42 29 37 20 18 39 39 30 68 30 80 85 517 
3.33 2.30 2.93 1.59 1.43 3.09 3.09 2.38 5.39 2.38 6.34 6.74 40.99 

52 22 46 37 27 so 56 44 61 29 60 64 548 
1.53 0.65 1.36 1.09 0.80 1.47 1.65 1.30 1.80 0.86 1.77 1.89 16.17 

75 13 40 58 36 57 39 35 53 27 71 89 593 
1.34 0.23 0.72 1.04 0.64 1.02 0.70 0.63 0.95 0.48 1.27 1.59 10.61 

79 14 36 41 
16.58 2.94 7.56 8.61 

90 12 
1.81 0.24 

66 19 
1.4/ 0.42 

21 
0.42 

17 
'' 
0.38 

y 
-~ 

0.50 

25 
0.56 

46 32 45 27 51 41 
9.66 6.72 9.45 5.67 10.71 8.61 

71 
1 . 43 

51 
1.14 

:s 
0.30 

21 
0.47 

27 
0.54 

22 
0.49 

16 
0.32 

19 
0.42 

43 
0.87 

48 
1. 07 

64 
1. 29 

113 
2.52 

54 101 567 
11.34 21.20 119.05 

39 
0. 78 

58 
1.29 

70 
1 .41 

82 
1 .83 

493 
9. 91 

541 
12.06 

67 20 35 34 38 33 43 27 54 41 so 87 539 
27.82 8_31 14.53 14.12 15.78 13.70 17.86 11.21 22.42 17.03 24.92 36. 1 3 223.83 

I 

"' \..-, 

I 



for the coastal areas of all the subbasins. This qualitative 
statement emanates from the fact that the procedures that have 
been used for the estimation are basically the same for all 
subbasins. Sophistication of the method has to a great extent 
been avoided ~hieh somewhat 'facilitates' the verification. 
~~he proper verification of the results in the most data sparse 
areas, such as the j_nterior of the Baltic proper, offers 
particularly great problems. 

VE:rif ica·tion .... ~by ~~-s~ .~:.f~-:L~d.§:p~n.s!_e.Q_t __ d~t~'-1._~ Dat.a frorn 8 ~;tatic~rH; 
-~110n·g· "t}1·c;~· ·s\~JE~clish coast t.ha t were _0-_ot_ used at. the compu ta t:ton 
of the cU.matologi.cal grid fields were compared with t.he 
corresponding values in·terpolated from the computed grid field";. 
F'or the corr.parison the point measurements were corrected lJY 
the s<:lnK:; poj_nt cor)::E:ction method which had been used for l:hc 
po.in t~ data invo.l. ved at ·the estimation of qr id values. 

r.rhe. follovJ ing x·e.su1 t wa.s obtained~ 

IJ.'he l:lvc:caqc; rnont.hly deviations range from 1% to (3:b Eincl the 
average y~arly deviation is 4%. If the corrected pain~ val.ues 
l~hus wou:Ld represent the true values for tt1ese 8 stat1ons, thcrl 
Lhc sr:Jat:l.a1 e~.:;t::Lmat.i.on would give an overestimate of 4~t, (~lf 
we nc~l0ct t:he above indicated ~displacement effect~}. 

however; tl1is limited amount of information does not pern\J_t 
., .. ·-1 l 1 ·1 "l·ons C)l"l tl1,, , .. ,,ll··,]·ll·J·t't~y of the est:LmaL-.c:;. d1lY OCL:dJ_ C~C COl C .. U .. 1 -·- ~ .> _-: .. -· <- -· .. •. 

From qualitatJ.ve judgements it seems reasonable tl1at a systematic 
error probably j_s less than 25% of the random part of the error 
i11flucnce. \·Jith an overestimate of syste~atic error infl~1enco 
= 0.25 tl1c followinq overestimate ·is obtai.ned on a monthJ.y 
rcspect:ive yearl.y basis. 

r.rablc: 5. :5. 

The relatj.ve standard error, E*, of areal precipitation va~lues 
- a probnbJ.e overestj_mate. The figures nre expressed in 
percer1tages (of the areal estimates). Period: individual months 
1951-1970. 

Subbasin No 

Error estimate E*a Percentages error of respective 
areal estimate. Individual months 1951-1970 

+12 +10 

., 

.) 

I 'I 1 

4 

+8 

6 7 1-7 

+ 1 I 11 0 +9 

The values onE* presented in Table 5.5. represents an over­
estimate of the areal relative error for an individual month 
1951-1970. Tho variation between months was small. 

5.4. CONCLUSIONS 

5.4.1 The estimation problem 

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

Consequently the point correction can be regarded as a procedure 
independent from considerations of the spatial structure of 
precipitation within the Baltic Sea. This fact seems important 
with regard to the circumstance that the error sources at point 
measurements is one factor and the meteorological mechanisms that 
determine the yearly, spatial distribution of precipitation is 
another factor that influences the spatial 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 observational 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 stations and values well off from the coast. Consequently 
a large amount of climatologi.cal information on the conditions 
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 of the present investigation indicates 
that the long-term average of yearly precipitation amount for 
the whole BalU.c Sea, with the subbasins 1-7 (Danish sounds 
and_Kattegat included) is about 639 mm~ (265.77 km3), for the 
perlod 1931-1%0 and 613 mm (254.25 km ) , for the period 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 ¥er year and with a probable average of 625 mm 
(259.54 km). 
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The maximum areal value for the subb · 19c1 70 aslns 1-7 for the period 
. ~ - . occurred in 1960 w!.th 730 mm (303 3 

value J.n 1964 with 481 mm ( 200 km3). km ) and the min.imum 

5.4.3 Urgent future activities 

1. For future computations of areal · ·- -· · ln\portant to cncl ud . f . . . prec lpl ta tlon l t seems 
- .. e 1n ormat1on from rem t · · 

also information contained in th . 
0 ~ scns1ng dev1ccs and 

tation forecasts. . e quantltatlve numerical precipi-

In particular it seems important to d · · · 
the physical mechanisms that d t _un erstand_q~antltatlvely 
precipitation r-l• . _

1 
e ermlne the eff1c1ency of 

. e ease 1n t1e coastal zone and t 
1nvestigati.ons on this topic b f , . a sea. Separate 
connection with conventional dytuse ~ numerlcal models in 
encouraged. -- a a an new data sources are 

2. For environmental and econo·· · · · 
the precipitation element as : 1~0~easons lt lS 1mportant that 
is determined on an o era~iona- . p~nent ln the water balance, 
I·Hth th!.s task concer~s the fll ba~l~. The ma1n problem connected 
bordering countries. It is h ow 0 ata between the Baltic 
an operational evaluation !ser~ p~opo~ed that the feasibility of 
author!.t!.es. .. 1 vestJ.gat.ed by the relevant 

Chapter 6 

EVAPOFATION FFOH THE BALTIC 
Dieter Henning (FFG) 

6. 1 . INTFODUCTION 
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The evaporation from the surface of the Baltic Sea and its 
subbasins has been determined for true months (Januaries of 31 
days, Februaries of 28.25 days. 11archs 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 
Year (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 bulk aerodynamic method 
(BAM) and the aerolog ical method. The availab!.li ty of aerolog ical 
data during this period was the reason for extending the P!.lot Study 
Y~ar (PSY~ by twelve 'months as far as the ''atmospheric components'' 
of the Baltic Sea water budget were concerned. Utilization of 
aerological data for the determination of areal means of evapora­
tion also requires the availability of the respective precipitation 
da·ta; these were provided by the Swedish Meteorological and 
Hydrological Institute. 

6.2. THE DATA 

0.2.1. Bulk aerodynamic method (BAH) 

The surface. c1at.a needed for application of the B/\H - sea--surface 
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, 
Lhe 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 or climatological 
mean values of the Baltic evaporation attainable at present. 

The surface data of 1862 - 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 lighthouse Kiel (1968-1972). 

For the extended PSY, a special observational programme could be 
launched successfully; ther~fore 75 percent of the suitable data 
(compare Table 6.1) date from this period. Each of the Baltic countries 
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took part in this programme in one way or another. The da t.a came 
from ships of opportunity (merchant ships, ferries, warships), 
research vessels, icebreakers, the light-vessel Fehmarnbclt, and 
the lighthouse Kiel. In addition, the observations of 22 to 27 
reeteorological stations on islands or at the coast were made 
available by the Finnish and Swedish meteorological or/and 
hydrological services. In these cases, SST was estimat.ed from 
hydrographic charts (showing SST distributions and ice phenomena) 
issued by the Institute for Marine Research, Helsinki, in winter 
and by the swedish Meteorological and Hydrological Institute 
throughout the year. SST was estimated from these maps, too, 

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

·-·-------·---------------------------------------- ---------·--------- -
1862 - 1947*): 
1948 - 1960: 
1961 - 1970: 
1971 - 197S;6: 
1975/7 - 1977;12: 
1978: 

1862 - 197tl: 

2792 
8988 

20063 
12539 

1 4 9 7 1 7 **) 
5467 

199566 

*) actualJ.y, only 2G years were 
data-years 

**) about equal to an average of 
120 data sets for an area of 
100000 km2 duri.ng an indi.vidual 
month 

in case that it was the only indispensable quantity 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 
systematic errors by the utilization of these land-born 
observations to which no corrections 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. Erroneous 
data were corrected if possi.ble in some way, otherwise they were 
deleted. 

6.2.2. Aerological method 

By the aerological method, the water vapour budqet of the air 
above a polygonal 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 a·t the "standard levels" and 
''significant poi.nts'' above the radiosonde stations of northern 
anC: nortl1-central Eur·ope up to 400 mbar. These data are normally 
available twice a day. 'l'hey were received via the cen1:ral office 
of the Deutscher Wetterdicnst in Offenbach on Main and were 
processed by a working group in Kiel of wh.ich Prof. F. Defant '1 J 
was 
1) cf. Defant ( 1985) 
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the P~incipal investigator. Sophisticated routines were developed 
by thrs group rn order to eliminate erroneous observations. The 
drawbacks inherent to aerological observations with respect to 
large-scale flow investigations - time interval between two 
asc~nts as large as twelve hours, different moisture measuring 
equ~pment on different radiosonde types, horizontal drift of ~he 
~adrosondes wrth strong winds - were considered to be of minor 
rmportance. 

6.3. PROCEDURES 

6.3.1. Bulk aerodynamic method (BAM) 

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

(;(q , __ ) s - q) v ( 6 . 1 ) 

where cE is water vapour transfer coefficient, the density of 
morst,,ar~, qs' q specific humidities of ''air in contact with salt 
water (Bunker 197b) and at a standard height assumed to be 10 m, 
~nd v wrnd speedat_ 10m. Equation(6.1) means that the evaporation 
irom an (extendea) body of water is simply proportional to the 
produ~t of the vertical slopes or gradients of specific humidity 
ana wrnd speed. At the surface, wind speed is assumed not to 
differ from_the amount of the given current velocity (v = O), 
and the humrdrty qs can be calculated as a function of ~he 
surface temperature t . The specific humidity q 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 tr~nsfer coefficient c,, and b) the question whether the 
equatron rs to be applied to ftiean or to individual, or 
lnstantaneous, values of (q - q) 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 
calculated by applying long-term monthly averages of specific 
humidity and wind speed (compare, e.g., Hastenrath and Lamb 1978 
1979), h~re the evaporation from the Baltic was estima·ted by ' 
calculatlng rnstantaneous values of E from individual, simulta­
neously measured values of q , q and v. This, of course, excluded 
any observation 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 E 
found for a given area. In doing so, a recommendation of Bri.-tton 
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) . 
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'l'he transfer coefficient cE is known to be dependent on wind 
speed and density stratification (thermodynamic (in)stability) 
of the air above the sea surface (compare, e.g., Dcardorf:f 1'l6B) 
Nevertheless, when operating with time-averaged valu<CJS of <L, q 
and v, normally a constant value of cE somewhere between ab()ut 
1. 0 1 o-3 and 2. 0 1 o-3 is applied. When applying equation (6. i) to 
individual data sets it becomes appropriate, however, also to 
utilize variable transfer coefficients cE; otherwise t.he qa:in of 
information obtained from using individual observations \vould not: 
be fully exploited. From a thorough evaluation of prev.i .. ou.s 
scientif1c experiments combined with the theoretical fincl.:i.nqs of 
Deardorff (1968), Bunker (1976) tabulated cp-values for different 
wind speeds and vertical temperature differences t.

0 
- t. !t 10 : 

temperature in 10 m height). In the present investi4ationscv-v~lues 
were chosen according to his table with minor modificationh. 

Arithmetic averages of monthly evaporation were calculated fer 
each 1-degree latit.ude-longi.tude field. Mean value,; for the 
subbasins were then calculated by double-weighted averaging of 
these 1°-field mean values. The number of available observations 
per 1°-fi.eld and month (up to a maximum of 248 observation"; for 
an individual month of the PSY) as well as the areas of these 
fields were taken as weights. To obtain areal averages for the 
entire Baltj_c, singleweighted averages of the subbasin-meilDS were 
determined, usi.ng the subbasin-areas as wei.ghts. This means Lha t 
the subbasin-averages of evapora-tion were considered as equaJJy 
representative i.ndependent of the numbers of observations on 14h1.eh 
they were based. This principle was observed also in ca,:;c of the 
Balti.c Proper (BP) when the BP-averages were calculated from those 
of the BPN (BP North; north of 57°N), BPC (BP Cental; south of 
57°N and east of 15°E) and BP\'V (BP \Vest; west of 15°C), Th.i.s 
subdivision was introduced in order not to exceed subbasin-areas 
of 10 0, 000 km2, and thus to make better allowance for n.•giona.! 
differences. 

In order to get realisti.c subbasin-averages of evaporation during 
the winter months, the extent of an ice cover had to be taken 
into account. Because practically no observations became 
available from ice-covered parts of the Baltic, their evaporation 
was supposed to be zero. From the Finnish and Swedish ice charts 
already mentioned, monthly averages of the areascovered by ice 
were estimated for each subbasin and each month of the extended 
PSY. The subbasin evaporation hei.ghts were calculat:ed by 
multiplying the evaporation heights estimated for t:he ice-free 
parts of the respective subbasi.ns with the ratios of the .ice·· 
free to the total subbasin-areas. The relative areas found 
covered by ice are given in Table 6.2. As a measure of emergency, 
the two-· to ·three-year ice-cover averages WE·~re used in estimating 
the (guasi-)decadal and long-term mean evaporation heights for 
the respective months and subbasins. 

6.3.2. Aerological method 

Determination of the vertical water balance at the surface of a 
given area by utilization of aerological data has been described 
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Table 6.2 

Relative ice cover on the Baltic Sea during the extended PSY Percentage of 

subbasin-areas as est.imated from the ice charts of Institute for Marine Research, 

Helsinki, and Swedish Meteorological and Hydrological Institute. 

---··-··---~---~--~~-----u·---~~-.--~-----.••• 
......... ._ ... -... ~--~--~-~----- .. 

Subbasin Winter l'bnth 

N D J F M A M 

1 . Bothnian Bay 1975-1976 0 13.3 65.7 92.0 92.4 78.7 25.8 

1976-1977 10.5 22.8 63.5 99.3 92.7 87.7 33.6 

1977 1 . 2 21.7 

Mean 3.9 19.3 64.6 95.6 92.6 83.2 29.7 

2. Bothnian Sea 1975-1976 0 0 11 . 1 28.5 54.0 19.3 .4 

1976-1977 0 .4 12.5 53.9 60.4 20.1 1 . 4 

1977 0 1. 4 

Mean 0 .6 11 .8 41.2 57.2 19.7 .9 

3. Gulf of Finland 1975-1976 0 1 . 3 42.6 81.4 85.3 48.0 0 

1976-1977 0 2.4 56.6 97.8 85.6 50.9 .3 

1977 0 10.7 

Mean 0 4.8 49.6 89.6 85.4 49.4 .2 

4 . Gulf of Riga 1975-1976 0 0 8.6 70.3 73.3 29.0 0 

1976-1977 0 0 21 . 1 82.1 79.7 12.4 0 

1977 0 1 .4 

Mean 0 .5 14.8 76.2 76.5 20.3 0 

Baltic Proper 1975-1976 0 0 1. 7 7.9 5.0 1 . 6 0 

North 1976-1977 0 0 2.6 9.0 6.8 .9 0 

Mean 0 0 2.2 8.4 5.9 1. 2 0 

Baltic Proper 1975-1976 0 0 1 .4 5.0 3.8 0 0 

Central 1976-1977 0 0 3.7 4.6 1 . 7 0 0 

Mean 0 0 2.6 4.8 2.8 0 0 

Baltic Proper 1975-1976 0 0 .6 3.3 0 0 0 

\'lest 1976-1977 0 0 3.0 .7 0 0 0 

Mean 0 0 1 .8 2.0 0 0 0 
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in more or less detail e.g. by Palmen and Soderman (1966), 
Rasmusson (1977), Alestalo and Savijarvi (1977) or Alestalo and 
Holopainen (1980). Defant (1985) gives a detailed description 
of the work within the IHP-project to determine this difference 
over the Baltic for the period May 1976 to November 1977. In 
order to overcome the drawbacks of large spacing of the aerological 
stations and large intervals between two radiosonde-ascents 
compared to the extent and configuration of the Baltic, Defant 
hand-analysed the maps of the monthly averages of the zonal and 
meridional components of the vertically integrated water vapour 
flux over northern and north-central Europe. From these maps he 
plotted the flux components for the central points of the sections 
(of 110 km length) of a polygon fitted to the Baltic coastline 
and the open-sea borderline. The subbasins were treated corre­
spondingly. Summation of the resultants of the flux components at 
each section then led to the differences of evaporation minus 
precipitation for the entire Baltic or its subbasins for a given 
month. 

6.4. RESULTS 

6.4.1. Figures from previous investigations 

Selected results of previous investigations together with the 
climatological figures obtained by the present evaluation are 
shown in Table 6.3. In order to achieve maximum comparableness, 
all data are carefully related to relevan·t subbasins according to 
the present IHP-investigation. 

As for the Baltic without Kattegat and without Beltsea, the 
findings concerning the estimated mean annual amount of evaporation 
have changed only slightly since 1918. 'rhe continued repetition 
of the 200 mm/year given by Spethmann (1912) is :justified: 
Spethmann relying on the data of viitting ( 1908) for the Bothnian 
Bay (200 mm/year) and the Bothnian Sea (190 mm/year), assures that 
he did not expect any significant local change of the annual 
evaporation across the Baltic. 

From Brogmus (1952) - whose investigation has to be taken as the 
forerunner of the present study - always two series of results are 
quoted in Table 6. 3. The smaller figures represent Brogmus 
original results - which are directly comparable to those 
presented here - while the higher values are those normally quoted. 
The latter however, form a compromise between the results found by 
application of the Sverdrup approach and the data of Witting 
(1918): they were obtained by a water budget approach which was 
based on the data of net outflow through the Danish Straits given 
by J.P. Jacobsen (1936). These outflow data, however had been 
adjusted to Witting's evaporation figures. 
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6.4.2. Long-term averages by application of BAM 

The long-term monthly averages of the Baltic evaporation 
evaluated for different time period are presented in Main Tables 
7 and 8. The figures for the quasi-decades 1948 to 1970 might, in 
the light of the numbers of observations of Table 6.2, appear to 
be of doubtful reliability. Nevertheless, their presentation in 
Main Table 8 was thought to be useful in order to give an idea 
of their differences from the climatological averages of Main 
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/year or 203.8 and 215.4 km3/year for 
1948-1960 and 1971-1978, respectively. 

A special feature of the Baltic evaporation is the occurrence of 
two maxima which are normally observed in September and in 
November/December. Only for the period 1961-1970 just the 
December-maximum exists which then is especially marked. Witting 
(1918) too, found two maxima, occurring in August and November, 
while Erogmus (1952) and Strokina (1956) just traced the November­
maximum. The main reason for .intense evaporation .in August and;or 
September is a relatively strong vertical humidity difference at 
high temperatures, while evaporation maxima in November and/or 
December are caused essentially by high wind speeds. The minima 
of the Baltic evaporation occur mainly in April or Dlay; only in 
the Beltsea, Kattegat and the Bothnian Bay are they observed 
already in J.larch or February, on the average (compare Main Table 7). 

In the Bothnian Sea and the Baltic Proper, the half-year period 
of maximum evaporation is that of August to January. This is 
true also for the entire BalU.c, while in all the small subbasins 
(the small western part of the Baltic Proper included) July to 
December show this characteristic. The evaporative water loss of 
the entire Baltic from August to January - for 1862-1978 - amounts 
to 74.1% of its annual value, while the corresponding figure for 
July to December is 73.1%. The Bothnian Bay is the only subbasin 
where - during 1862-1978 - the loss of water to the atmosphere 
during the month of maximum evaporation exceeds 20% of the mean 
annual evaporation. 

6.4.3. Evaporation duri.ng the extended Pilot Study Year 

'l'he monthly amounts of evaporation for the extended PSY as 
determined by applica t.i.on of the BAM are given in Table 6. 4 
(heights in mm) and the semi-annual and annual evaporation 
heights in 1'able 6. 5. Analysis of the evaporation data shows that 
the extension of the PSY until the end of 1977 as far as the 
"atmospheric water budget" is concerned turned out to be very 
fortunate. The atmospheric and hydrographic conditions relevant 
for the Baltic evaporation during 1977 were extremely different 
from those during 1976. More precisely, the most contrary 
conditions existed during the twelve-months periods starting 
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mabl 6 4 I·'·atxoratlOll of the Baltic and its subl)iY:d.ns c1Ln~inq ·the: (~_xtr::>r:ck::c"l 
{?SY :ncl: ~~tly, 1978, as calculated by ap~l:Lc~ation of the bu.l.~~'" Lc 
meU1Cx:l in mm/month. (Maximum values lmderl:~.neo) . _ .... IX 

S\tbl:J:'l:")~:'__ _____ _Ye~--L __ _J:_~_ III IV _y_ _____ V_J__ ____ :';ITf __ y}}j____ X 
){J X.! T 

1 . Bothr1ian Bay '7 ') 

'TI 

2.Bothn.'Lu Sea '7S 

'77 
'7B 

3 . Culf of '7 5 
Finl<.1nd '70 

'T7 

4. Culf of Riga '75 
'76 
'77 

Baltic Prop:.'r '75 
North _ ... o '76 
North OI S I N '77 

'7il 

Baltic Proper '-i:) 

Central./SouLh '76 
of 57°N and '77 

f 'It::(),_, '78 East o , :o '" 

i.?.alt:i.c Pro}.tCr '·;':) 
1;Jcst/VJc::.:;t of ')() 
1 :_;0 E '77 

'78 

s. Baltic Prol:A"':l:'' 7:) 
. " '7G 

I 7-/ 
! "/d 

G. Danish '75 
Straits '76 

7. K.JtLcqz.tt 

1Ut.a] Baltic 
--6-7 

Total Baltic 
--~I 

'l'otaL J.?.a ll.ic 

I '/7 
'78 

'75 
'76 
! '7'7 

'75 
'76 
'77 

'75 
'76 
'77 

'75 
'7() 

'Tl 

:-. ~). 4 
14 > 5 

64.0 
30.8 
,11 .G 

28.9 
'12.1 

59.2 
23.9 

71.3 
33.9 
:)5. 3 

(,').0 

31 .4 
41.0 

5t1. 7 
19.7 
') 8 .. l 

68. 1 
30.9 
47.9 

:liJ . 9 
10.2 
')A.:"J 

5.8 

59.9 
') -, I 
"-· I • ) 

58.6 
26.6 

3.0 
o.s 

24 .. 1 
21 . 4 
3~-). 2 

9.2 
7.4 

30.8 
39.6 
58.9 

28.7 
28.9 
39.7 

27.2 
15.9 
:29.4 

29.4 
31 . 6 
46.3 

.14. "/ 
10.5 
31 .8 

7.0 
12.4 

23.4 
22.8 

22.9 
22.1 

57.6 
25. r) 

22.1 
2..1 • 6 

5.6 
3.9 

4.2 
6.0 

20. •j 
21 . 6 

31.8 77.3 59.2 74.5 43.5 
31.7 ·;·J-:u· 90.1 s9.·1 2'-i.7 
J:?."i 42.7 .6.\f~E ,jrJ.·! ·._L\ 

'il Jl 
:3~:;. 2 

19.7 
0.9 
·-5. 1 

6.9 

14.0 
9.2 
15. 1 

6.6 
-1.1 

28.0 7.6 
1.0 2.3 

42.2 13.2 
18.0 6.0 
26.8 17.7 

40.6 13.4 
16.7 3.2 
20.1 20.5 

22.9 
8.1 
11 • 9 

38.9 
16. 1 
21.8 

19.6 
4.8 
7.7 

14.6 
8.5 

28.4 
n.9 

27.9 
11 . 6 

27.2 
11.4 

13.5 
1 o. 7 
17.9 

13.3 
5.4 
19.0 

23. 1 
18.2 
25.4 

26.3 
23.5 

11 . 9 
5.4 

12.5 
6.0 

13.2 
7.0 

6.4 
9.3 
16.9 

7.5 
3.1 

10.7 
8.3 

9.2 
8.7 
16.4 

17.2 
11 .4 
26.3 

13.2 
12.0 
16.6 

13.4 
10.4 
20.9 

17.1 
20. 1 
14.7 

19.7 
27.4 

10.4 
9.0 

10.7 
9.6 

11 . 2 
10.6 

28.6 80.2 63.8 71.8 (J).~ 
3"1 "6 "/.f9:-~~- HS. 3 80. ':) --:;<).) 

2'J.7 39.1 Ti-.. ,7 36 .. 1 'l! .. ·' 
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Table 6.5 

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

Subbasj.n High-evaporabon Low-evaporation 

half-year: Jan.-June half-year: July-December 

1976 1977 

1. Botlmian Bay 66.5 51 . 2 

2. Botlmian Sea 149.3 95.6 

3. Gulf of Finland 83.3 48.7 

4. Gulf of Riga 137.8 74.3 

Baltic Proper North 181 . 3 129.3 

Baltic Proper Central 179.9 118.5 

Baltic Proper West 146.9 95.7 

5. Baltic Proper 176.1 119.9 

6. Danish Straits 147.0 105.8 

7. Kattegat 150.8 118. 1 

Total Baltic -6-7 150.6 100.3 ---
Total Baltic -7 150.4 100.5 ·--
Total Baltic 150.4 101.5 ---

1978 

125.0 

195.2 

174.7 

167.3 

182.3 

185.7 

1975 

344.2 ---
384.9 

276.7 

467.6 ----
430.7 

456.7 

440.3 

443.8 

423.2 

426.1 ---
409.4 ---
410. I ---
411.0 -----

1976 1977 1978 

298.8 262.4 

355.8 280.4 328. 1 

316.7 241.9 

391.9 328.4 

448.2 327.3 398.5 ---
467.1 438.2 ---
442.3 403.4 431. 1 

456.0 387.7 

429.8 353.3 434.9 ----
306.4 268.1 

405.3 338.3 

406.6 339. 1 

401.2 335.3 

November 1975 and November 1976, respectively. 'l'his 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 only 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 averaae - which is a 
considerable amount for a conservative quantity like marine 
evaporation. 'I'he extreme twelve-months totals are 713 mm (November 
1975 - October 1976) for the central or southeastern part of 
Baltic Proper, and 282 mm for the period November 1976 - October 
1977 for the Gulf of Finland. 

In many cases, the differences between the monthly evaporation 
totals arc likewise conspicuous, compare in particular the months 
of August, October and November of 1 9 7 5 to 19 77 ( 19 78) 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 Gulf 
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 months of 1977, the 
evaporation from the entire Baltic amounted 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 consecuti.ve 
months took place between August 1976 and January 1977: 53, 96, 
100, 40, 66 and 26 rr.m 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 
quantities would be signi.ficantly 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 minimum evaporation during the extended PSY was 
April 1977 when th~ evaporative water loss of the entire Baltic 
amounted to 2.89 km~ only. Vice versa, October 1976 was the 
month with the most intense evaporation during the PSY. The Gulfs 
of Finland 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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6.4.4 Estimates for the Pilot Study Year achieved by the 

aerological method 11 

The figures found by means of the aerological method are compiled 
in Table 6.6 colunm (1). Columns (2) and (3) always show the 
deviations - in absolute and relative values - from the results 
which were deri.ved from the surface data. The millimeter-values 
of columns (1) were calculated by division of the water vapour 
divergences by its respective polygon areas (and not by the 
''true'' areas according to Ehlin and Mattisson, 1976). 

Table 6.6 is very encouraging. For the entire Baltic, the relative 
difference (columns (3)) between the two types of results exceeds 
5~. by amount, only in foui months: July, November 1976, 
June, August 1977. In all cases, these ''large'' percentage figures 
are caused by small values of the differences between the re­
spective evaporation and precipitation heights. In absolute 
values, the di.fference (E-P) - (E-P) (column (2)) for the entire 
Eal tic never exceeds 1 . 7 mm. aDur ing nine of the nineteen months, 
the ratio ((E-P) - (E-P))/(E-P) is, for the entire Baltic, less 
t l 

~ ,. . a 
:1an ~-~~.with absolute differences of 1.0 mm or less. 

Relative differences (columns (3)) of more than 10% are 
only observed - with one exception (Bothnian Sea, May 1976) -
in the small subbasins: in 12 months in the Gulf or Riga, 8 
months in the Beltsea, 5 months in the Kattegat, and during one 
month in the Bothnian Bay. Apparently, the aerological meshod 
looses some of its power for areas of less than 40,000 km . 
Arithmetic averaging of the amounts of the relative deviations 
given in columns (3) of Table 6.6 yields 1.21% for the Baltic 
Proper, 3.72% for the Bothnian Bay, 4.49% for the Bothnian Sea, 
4.76% for the Gulf of Finland, 7.92% for the Kattegat, 9.28% for 
the Gulf of Riga, 11.21% for the Beltsea, and 4.42% for the Baltic 
in total. 

Further, it can be seen from Table 6.6 that during 17 of the 19 
months under consideration the aerological data produce somewhat 
larger - or less negative - differences of evaporation minus 
precipitation for the entire Baltic than the surface data 
(exceptions: May and August 1977). This means - the aerological 
method supposed to be immaculate - that either the BAM yields 
somewhat too low values of evaporation or that the extrapolations 
and corrections of the precipitation data resulted in somewhat 
too large figures of this element. 

6 . 5 . CONCLUSIONS 

The quasi-agreement of the results demonstrates that any of the 
three components of the ''atmospheric water budget'' of the Baltic 
could be derived fror.c the two others preconditioned, however, 

1) see Defant ( 1985) 
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that the analyses are carried out with the same carefulness 
as that observed when the PSY-data were processed. Here, the 
prominent point concerning the aerological method seems to be 
that the moisture fluxes were determined - from hand-analysed 
maps (!) - across the sections of polygons which were skilfully 
fitted to the coast- and bordering lines of the Baltic and its 
subbasins - instead of across polygon edges which just represent 
the connecting lines between existing aerological stations. 

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. 

After all, the evaporation data estimated for the PSY may claim 
a certain reliability: this is especially supported by the 
figures of Table 6.6. In fact, the accuracy of the evaporation 
data for the PSY for at least the Baltic in total and the large 
subbasins - Baltic Proper and the Bothnian Sea - may be assumed 
to arrive at about plus or minus five percent. 

Notwithstanding the importance of efforts to determine the 
Baltic evaporation with a high deg3ee of accuracy, it should be 
realized, however, that the 233 km of vlater which evaporated 
from the Baltic from July 1975 until June 1976 represent not so 
much as five percent of the water released to the atmosphere by 
the ocean between 55°N and 65°N during an average year (see 
Baumgartner and Reichel, 1975). 
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Chapter 7. 

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

7. 1 . 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 Russian 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 Blorr.qvist and Renqvist (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 shores, and he tried to 
combine the heights of the Baltic levc,lling polygon (BLP) with 
the position of the mean sea-level surface. 

Mean sea level investigations made before world 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 
basis of observations before 1938, reduced to complete 
uniformity 
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- accurate geodetic 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 
sites 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. 

The second research stage included the following (Lazarenko, 
1961): 

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

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

- investigations 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 

The third stage which took place within the framework of the 
international project on the water balance of the Baltic Sea 
had the following main results: 

- sea-level records before and after World War II were produced 
to uniformity 

- 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 were determined 
for the Pilot Study Year (July 1975 - December 1976). 
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7. 3 SEA-LEVEL OBSEF.VA'riONS OF THE BAIJriC 

'rhe network of sea-level gauges i.n the Ba.l'cic is older and of 
a higher density than any other network of ·the World Ocean: by 
1 January 1977, 110 level qauges were under operation, out of 
which 68 sites were equ.i.pped w.i. i:h mareo.graphs, while tide gauges 
were inst:alled at the rest of the sites. Da·ta are available on 
8 level gauges for 1804-1811. For 20 level gauges data are 
available for 80-100 years. 

The oldest sea-level gauges in the Bal t:ic are: Rronshtadt, 
Tallinn, Rlaipeda, Baltyisk, Nowyport, Kolobrzeg, Swinoujscie 
and Stockholm. Before 1869, sea levels were observed by tide­
gauges only. In 1869, the first observat.i.ons were made by a 
mareograph in Swinoujscie. •rhe equ.iprnent: of measuring sites 
with mareographs was most intensive in 1880-1900 and 1920-1940. 
In 1940, 60 sites with ma.reographs were in operation, In 1950, 
there were 48 ma.reographs only, while in 1970 the number of 
mareographs installed exceeded 68. 

During World War I, and in particular World War II, many level 
gauges in the area of hostilities did not operate. Gaps in the 
observation series of such gauges were 4-6 years or even longer. 
In some cases gauges and benchmarks were destroyed 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-mark heights and cause great difficulties in the level 
.records reduction to uniformity. 

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

7. 4. REDUCTION OF SEA-LEVEL RECOHDS 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, particular attention has been 
paid to the problem of reducing the basi.c data to uni.formity. 
By this operation, maximum accuracy is provided for ·the 
comparison of level .records of any gauge, and any observation 
period. Comple·tely uniform records on sea levels have to 
satisfy the following conditions: 

1 - observations made at the same time and dat.es 
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 nat.ional levelling ne·tworks strictly adjust.ed 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 prevlous stage. 

At the start of the research, the problem was considered to. 
satisfy the first uniformity condition - i.e. proper reductlon 
of the basic records to uniform time and date. In the next.step~ 
the reduced records were analysed to satisfy the second u~lformlty 
condition, i.e. to eliminate observation and data.processlng 
errors and to reduce to uniform height datums durlng the 
observation period. 

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

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 with.these four 
conditions, the leader is referred to the maln proJect report 
this element of the water balance (Lazarenko 1980) · 

The accuracy of data reduction to complete uniformity ~ay 
evaluated from mean root-square error m

0 
by the followlng 

equation: 

( 7 • 1 ) 

be 

on 

where: I - accuracy of initial data reduction to uniform time; 
m1 

mii_ accuracy of reduction to uniform dates; 
1 

and 
m -2 

accuracy of excluding errors of.observation 
processing and reduction to a slngle helght 
gauge datum; 

of every 

- accuracy of reduction to a single epoch; 

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

bl 7 1 gl'ves m
0 

values computed by equation (7.1). Ta e . . 

the 
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Table 7.1. Accuracy of data reduction 

Accuracy of height determination 

Levels in the BLP system, mo 

I* II* III* 

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 + 2-4 + 2-5 - - -
Mean annual + 1-2 + 1-2 + 1-3 - - -
Mean long term + 1-2 + 1-2 + 1-3 - - -

* I - peights 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); 

III - 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 Sea-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 Uto. It is reasonable to mention 
observation sites at Bjorn, Landsort, 6land-Norra-Udde, Draghallan 
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 Korsor 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 is 
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 posi t.ion of mean 
monthly extreme sea levels for 1901-1940. In December 1913 the 
observed mean monthly level was the highest during 40 years of 
observations (H = 43.1 em) (Fig. 7.2a). In November 1923 (Fig. 
7. 2b) a high mellln monthly water levccl was observed (H = 24.7 em) 
In both cases the gauge at Uto 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 em) and in March 1924 (Hm = -46.7 em), see Fig. 7.2c. 

In case of a low water level, however, almost a horizontal mean 
level surface in the central sea is observed. It is evident from 
Fig. 7.2c that the mean level surface from the Ventspils -
Landsort line to the Ustka - Ystad line deviijltes from mean levels 
at individual gauges quite insignificantly (- 0.5 em) and its 
total height is 48.0 em. 

7.5.3 Lon~-term average sea-level surfaces 

A map of mean sea level surface for 1901-1937 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 Kronshtadt gauge in the BLP system are 
in a good agreement (BL~, 1950). Deviations from mean level at 
some points are within- 1.0- 2.0 em 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 as well as in river mouths give mean 
levels by 1.5- 2.5 em higher. On the contrary, gauges at the 
sites with prevailing westward winds show mean levels by 1-2 em 
lower. 

The na·ture of the surface slope of the mean levels in the proper 
sea, in the gulfs and in straits is different. ·rhe mean level 
surface slope from Kemi to Ystad is 18 em, while from Kronshtadt 
to Ystad it is 16 em. The slope in straits is across the straits 
and it is up to 4-5 em, while in Kattegat it is up to 7-8 em. 
In the Gulf of Viborg the slope is several times larger than in 
the Gulf of Finland. 

-71-

December 1913 Nov<:n\1bcH 1923 

May 1918 Mafch 1924 

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, 1951). 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 em and the error does not exceed 
± 1-3 em. 

7.5.4 Water volume increments 

With the area of the Baltic Sea (areas 1-5) accepted to be 
392,228 km2, according to U. Ehlin, water volume increments for 
a sea-level change of 1.0 em, are 3.92 km3 

Daily increments of mean Baltic Sea level for 1926-1935 are subject 
t'o variations within ± 1 a 3 em on the average, and may attain 
± 8 a 10 em/day in extreme situations (Hela 1944). Such daily sea 
level increments corres~ond to daily sea volume increments from 
± 3.9 a 11.8 km3 up to- 31 a 39 km3· In the latter case, the 
water volume increment attains ± 7 a 9 % of the annual water 
discharge from the whole drainage area, or 45 a 50 % of the annual 
discharge of the Neva River. 

7.6. RESULTS 

7.6.1 Mean sea level for the period 1951-70 

The methodology for mean sea-level computation for the sea or its 
specified areas, described in Lazarenko,(1961), made it possible 
to compute mean monthly and mean annual sea levels for the five 
subbasins and for the Baltic as a whole for 1951-1976. A comparison 
was made with mean monthly and annual levels for 1901-1940, 
computed from uniform observations at the base network of sea 
level gauges. The comparison showed that, for Stockholm, for 
instance, mean deviations of annual gauge levels from annual 
levels of the sea were ± 0.5 em, and the maximum deviations 
attained± 1.5 em. For Uta this deviation is± 0.6 em and± 2.0 
em respectively. 

Better correlation was obtained by using mean sliding values for 
11 years for Uta and the Baltic Sea. Hence, mean deviation of 
those levels f~r 1901-1940 was ! 0.1 em only, while the maximum 
deviation was - 0.4 em. 
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7.6.2 Water levels in the five subbasins 

Table 7.2 contains some information (for comparison) on the Baltic 
Sea and on its 5 areas. 

The highest annual water level for individual sea areas and for 
the sea as a whole during 1951-1976 was observed in 1967, the 
lowest one in 1960. The maximum level fluctuations were in the 
Bothnian Bay (27.7 em), and the minimum level fluctuations in the 
Baltic proper (17.7 em). 

The highest mean monthly level was observed in January 1975, 
except the Baltic proper, where it was fixed in January 1976. 

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. 

For Poland and Finland mean daily levels were used on the basis 
of mareograph data obtained 6 times a day; at the other gauges 
mareograph data were obtained 24 hours a day. At the sites 
equipped with tide-gauges, measurements were made 4 times a day. 

Fig. 7.4 shows chronological variations of mean daily sea levels 
for July 1975 - December 1976. During a year 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 
level rise lasted from 17 November, when the mean daily level 
was 27.37 em, till 31 December when mean daily level attained 
49.54 em. This was the maximum level attained for the whole period 
of computation. Consequently, mean sea level for 44 rose by 76.91 
em. Average rate of mean sea level increment for the whole period 
was 1.98 em/day. During the period 9 till 20 December the level 
did not rise. Between 20 and 31 December the level attained its 
maximum. The rate of level rise for this period was 3.7 em/day, 
and on 27-28 December the daily level increment was 7.77 em/day. 
When the maximum level was attained, during 31 December - 22 
January 1976, mean daily levels of the sea varied within 49.54-
32.16 em. During ~2 January- 9 February (19 days) the sea level 
fell from+ 46.93 em to- 15.78 em, i.e. by 62.71 em, corresponding 
to a mean fall of the level by 3.48 em/day. 

'l'he maximum amplitude of mean daily levels for the period from 
July 1975 to December 1976 were 101.15 em. 
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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 meetinq of experts on the water balance (cf. Main Table 1) , 
water volume increment were determined from the following equation: 

( 7. 2 \ 

where: WM - water volume increment for a certain time interval; 

Hcp - sea level rise for that interval; 

F 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 9. 

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 daily water volume increments (i.n km3 ) for 
July 1975 - December 1976 are shown in Fig. 7.4 (the right scale). 

Based on the cross-se~t.i~n areas of the Danis~ S~raits according 
to Hela (194~) (80.10 m for Cresund, 255.10 m for Great Belt 
and 16.10 m for Little Belt) the discharges corresponding to 
the obtained daily sea volume changes during the Pilot Study Year 
could3be 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 discharges through Danish Straits 

Nos 

1 

2 

3 

4 

5 

6 

Day 

from 7 to 8 December, 1975 

from 27 to 28 December, 1975 

from 30 to 31 Dec~r, 1975 

from 26 to 27 September, 1976 

from 1 to 2 December, 1976 

from 27 to 28 December, 1976 

Daily 
increment, 
kffi3 

31.64 

30.54 

31.05 

-31.72 

36.60 

33. 41 

368040 

351000 

351351 

368550 

442260 

386100 

Mean velocity 
in straits 
m/s 

1.04 

1.00 

1. 01 

-1.05 

1. 26 

1.10 
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The analysis, made by Bela (1944) on water velocities in the 
Danish Straits during maximum daily discharges for the period 
1926-1935, shows that water discharges during the Pilot Study 
Year are close to maximum possible discharges. Out of the 6 cases 
of major water transport, only one (26 to 27 September 1976) was 
observed during a phase of water volume decrease, i.e. release 
of stored water. 

Daily increments from 20 km3 to 28 km3 were registered 34 times 
or in 6.2 % of cases. During those cases, mean flow velocity 
varied between 0.66 m/s t3' 0.92 m/s and ~ischarges through 
the Straits from 232000 m /s to 323000 m /s. Out of 34 cases, 
water inflow to the Baltic Sea from the North Sea was observed 
23 times, and water outflow to the North Sea 11 times. 

The most intensive fall of sea level occurred during the period 
22 January- 9 February, when the water level fell by 62.75 em 
during 18 days, corresponding to a release from storage of 246 

During 24 hours,
3
water discharge ~o the North Sea was on the 

average 13.72 km /day or 158000 m /s. 

3 km . 

From 1j to 29 November, 1976 water inflow to the Baltic Sea was 
145 km for a 10-day period, and the mean sea level rose by 
33.7 em. On the average water inflow amounted to 14.5 km3/day or 
168000 m3/s 

An even more intensive water inflow to th1 Baltic Sea occurred 
during the peri~d 26-31 March 1976 (98 km in 5 days, or on the 
average 19.6 km /day or 228000 m3/s. 

7.7. CONCLUSIONS AND PROPOSALS 

The investigations of mean level and water volume changes in the 
Baltic Sea gave the following results: 

- further methodological development for reducing water level 
records to complete uniformity; 

- computation of mean monthly and annual levels of the Baltic 
Sea for 1951-1976, and mean daily levels and water volumes of 
the Baltic for July 1975 - December 1976 on the basis of uniform 
records; 

- preparation of a realistic basis to compute actual changes of 
mean levels and water volumes for different time intervals 
(24 hours and longer) to provide operational water balance of 
the Baltic; 

- demonstration of hydrosynoptic sea level maps with daily, 
monthly, annual and long-term surfaces of 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 for organization: collect~on ~nd process~ng 
of records on the Baltic Sea levels wh~ch would sat~sfy the 
conditions of a complete uniformity of level records; 

_ it is reasonable to discuss a new levell~ng of the BLP system 
b the dynamic method (BLP-2) on the bas~s of res~lts of 
r~levelling of the national levelling networks wh~ch form the 
polygon, completed after World War II; 

_ it is recommended to study the possibility for a compil~t~on of 
operational hydronynoptic maps of the.level ~u:face pos~t~on; 
to this end it is reasonable to organ~ze add~t~onal level 
gauges on islands and in the open sea; 

_ it is recommended to study the possibility of a cooperative 
programme of continuous operational monthly computations of the 
water balance of the Baltic Sea. 
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Chapter 8 

WATER EXCHANGE THROUGH THE DANISH STRAITS 
Torben Schelde Jacobsen (Den~ark) 

8. 1 . ON THE CONCEPT OF SEA~IATER 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 Q

0
• 

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

Belt Sea is included, the rise is 2 %. 

For the Baltic without the Belt Sea and the Kattegat, the mean 
value of Q is about 14 1 000 m3/s, assuming that evaporation and 
precipitat~on balances in the annual budget. The basin area is 
taken as 273,000 km2 and the volume as201,900 km3 , (Ehlin et 
al., 1974). Q is found to make up 2% of the volume over a year, 
corresponding 0 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 Q (Krummel, 1907, Keller, 1911, 
and Spethmann, 1912). Their es€imates differ not much from more 
recent studies. 

In order to achieve more insight in the distribution of flows 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 average conditions. 
For the section Gedser-Darss, Knudsen proposed an outflowing 
upper layer transport of Q

1
=2Q, and a deep layer inflowing 

transport of Q2 =-Q , utilizing0 conservation of mass and salt in 
steady state condi€ions. 

Hoving 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 excurs~ons are present in the Belt Sea, 
although not very pronounced. The amplitude of the most 
prominent component, the semi-diurnal tide M2 , is reduced from 12 
em at Frederikshavn to about 4 em at Gedser. Meteorologically 
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 cue 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 it is not 
the local wind but the large scale wind field which determines 
the direction of 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 sauna and the Belts is mainly frictionally balanced, 
(Wyrtki, 1954 Pedersen, 1978; Jacobsen 1978, 1980). 

8.1 .2. Studies based on lightship observations 

Jacobsen (1925) tried to relate the exchange of water to surface 
observations 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. Vlyrtki 
(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 coefficient of proportionality between the surface current at 
Halsskov Rev and transport QB through the Belts varied by a factor 
of two between different perlods. 

Soskin (1963) regarded the in- and outflow periods separately and 
related the exchange of water in 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 Eelts against the water balance equation of the Baltic. 

Assuming that the lightship observations, which are carried out 



mainly by visual estimation, contain no errors which are corre­
lated to the direct:Lon of the :flow, t:wo oxplana.t:Lons are proposed 
for t.he discrepancies encounb::~:ced~ 

1) The strong alternative .i.nflows and out:Elows caused by 
atmospheric forcing leave the net outflow Q to be measured as 
a small dif:f::erence between larqc.: volum.es of 0 in- and outflowing 
waterQ The existence of even a small horizontal residual 
circulat.ion Jn ·t:he upper lilyer, where i.:he lightship is located, 
will invalidate the a.ssumption of proportionality between the 
long term mean value of the observed current and the 
corresponding net flow. 

11h:i.s residual ci:cculat.ion may a.rise from the density str.uc·ture .. 
the Coriolis force or become inducted by the local wind. The 
lighsthip observations are sensitive to the wind effect, as 
they deal only with the current in the upper few centimetres. 

Wyrtk.i was aware of the: possibility of such a bias in the 
computed net flow, and Soskin t..ried to avoid :Lt: by est:ablishing 
different relationships for in- and outflow. 

2) The baroclinic (dens.ity driven) component of the wa·ter 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 quantity has not been discussed 
Although the currents in the straits are distinctly bi-directional, 
the current direction can assume all values. Jacobsen (1913) 
defined a scalar quantity, the iiresulting mean current'', as the 
numerical value of the in-going vector's sum subtracted from the 
outgoing d.itto, the difference to be• d:i..vidcd by t.he t;otal number 
of observations 0 ~rhe t.vV"o d.isi::.inct rn.inirna in the~ directional 
distribution served to define the sectors of in- and outflow. 
The author has derived scalar currents suitable for exchange 
studies by projecting ·the current vec·tor on a direction which is 
in reasonable accordance with the directional distribution, and 
the geometry and oricn·ta tion of ·the stra.i..t. 'l.'he diffenm t methods 
are, however, almost certain to yield different resu:U:s with 
respect to long term averages. 

8.1 ~3. Time variability of the seawater exchange 

The coefficient of variation for the exchange, C {Q), is the 
ratio of the standard deviation to the mean.va.lu¥ 

Cv (Q) ~ SD(Q)/<Q> ( 8 • 1 ) 

Results from the project on ·the water balance of the Baltic have 
shown that c, varies in the range :from 8 to 10, when daily 
averages of ~he 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 outflow from lightship observations have failed 
on many occasions. 

Four ways of interpreting the sea water exchange are shown in 
Fig. 8.1. The first (A) shows the concept of a mean outflow 
equal to Q and averaged over such a long time that the 
importance0 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 li.ttle 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 layer 
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 Q . 

0 

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 this approach 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·the position 
of the section, and also to the kind of time averaging performed. 
It is clear that if the original 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 . 

0 

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 assumptions: 

Q is taken as 450 km3/year and 70 % of the water exchange of the 
B~ltic is assumed to take place through this section. Th~ 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 
of the total flows in Fig. 8.1D (sum of out- and ~nflow) between 
the upper and lower layer has been taken as the ratio of the 
areas above and below the mean h~locline depth at 11 m. These 
areas are 30 x 104 and 9 x 104m respectively (Wyrtki, 1954). 

In the older 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 impottance for the displacement of hydrographical fronts 
and for the associated environmental effects. 

8.1.4. Some methodological conclusions 

It 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 HEASUREMENTS 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 Sea. 
An independent investigation in the Kattegat was carried out 
by the Swedish National Board 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. 

10' 
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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 has 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 observational 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 th i1'1 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). 

Missing 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 dis.charge 
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 ):Jox 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. Of the two remaining, the northern section 
was preferred because it had six instruments and also 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 Great 
Belt into two parts, Vesterrenden and Osterrenden. This choice 
was confirmed later by results from the equation of water balance 
(Jacobsen, 1980). 

Transports in the Little Belt were calculated at the northern 
section (station 547), as the currents at station 530 in the 
southern Little Belt cannot be considered 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) continuous 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 salinity, 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 Q

5 
was calculated according to: 

( 8. 2) 
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The formula has been proposed by Jacobsen (1925). VDR is almost 
always reported in directions sao (outgoing) or 2300 (ingoing) . 
A later investigation based on intensive current measurements 
during September 1976 showed that the factor of proportionality 
between Q5 and VDR has increased almost monotonically since 1931 
and is now about aoubled (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 also have been negative. 

In consequence of this the previous presented monthly values for 
Q (Nielsen and Jacobsen, 1977) are too small. It was not 
c§nsidered 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 rlow 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: 

where 

D 
K 

( 8. 3) 

hKlagshamn - h Copenhagen 

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 zeroes. 

The model was calibrated to give a good description of the 
exchange 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

5 
for the 

Pilot Study Year. 

The Danish Neteorological 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: 

QS (km3 /month) = 3.0 VDR (cm/s) 
' 

( 8. 4) 



---------------------------
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8. 2. 4. Results 

Results are given in •rable 8. 1 . The monthly values of Q B could 
not be evaluated for January and February 1976 at 'che n8rthern 
section in the Great Belt because of lack of data. Similar 
calculations from the middle section {stations 545 and 534) were 
used after mul-tiplication 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 mon·thly values incomplete, but ·the me'chod is not entirely 
satisfactory. All daily values 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 
requirements of the project on t.he 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 sections in the nor·thern 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. 
8.4). 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 prelimina:3y results of the s.ixth meeting in H~llsinki, 
1979. Altogether 433 km was in this way found to have left the 
Baltic durj_ng Pilot Study Year {Jacobsen, 1980). 

With regard to the amplitude of single in- and outflows, QLB.has 
the smallest and Q~B the largest. But the long term average lS 
apparently positive for Q j_n the Sound, while the two others are 
zero or even slightly neg§tive. 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 <Qs> will become reduced to half of 
its present value if the parameter D in eq. 8.3 is reduced by 
only 2 em, which is well within the uncertainty of the knowledge 
of D. At the same time< I Qs[> will be left almost unchanged, 
l.e. the mesoscale oscillat1ons are just slightly distorted 
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each to yield a lower outflow and a higher inflow. For an 
investigation of the sensitivity of the simple non-linear 
model of the sound, see Jacobsen (1980). 

2) There are many gaps in 1:hc 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 U><J' equation of wa·ter balance and 
produces a deficit of 227 km·. See Fig. 8.4. and Table 8.2. 
The act.-ual deficit thus left iG only about 9 0 km3 when compared 
to Q

0 
and the volume chanqe 6. V. 

8.3.1 Time lapse of the exchanqc 

The time lapse of the exchange durinq the Pilot Study Year is 
described from the inteqrated value; of (Q -/::,.V) (Fiq. 8.4, 
heavy line). The most prominent features ire the strong inflow 
by the end of 1975 followed by a full. month of intense outflow, 
and the quasi-periodic oscillation:; of about once months duration 
durinq 1976. 

The inflow begins by the middle of November 1975 and continues 
with minor interruptions of outflovJ until early in January. The 
rate of inflow is particularly hiqh during the first and last 
third of December. This is in qood aqreement with the east-west 
component of the wind stress (,Jacobsc"'• 1980). 

About the 3rd and the 23rd of JamJ<n·y severe storms passed Denmark; 
there were flood-warninqs for southwest ~rutland, and the Transition 
Area experienced some extreme sea level oscillations. A stronq 
outflow started after the second storm at January 23rd and ~asted 
a full month with a single small .interrupU.on. About 370 km~ left 
the Baltic during this outflow which con:·e"ponds to 140 1 000 m3/s. 

Alternating in- and outflows of sn~cJ! ler :dze followed, each 
representing the pendling of charctch'J isl ic<>lly 100 km3 

The integrated curve of the directly measured total discharge Q 
is also shown in Fig. 8.4, but is far f>:om complete. The fragments 
which are present do, however, conform to a high degree with 
(Q

0 
-/::,.V), even in very small detail:3. 

8.3.2. Differences observed between the belts and the Sound 

Three types of filterinq have been applied (hourly simple averages, 
24-hour simple averages, and the before mentioned 48-hourly 
trianqular filtered values). 'L'he 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. 
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From the. mean of the absolute values, it is seen that. the flushing 
ratio between the Sound, t.he Great Belt and the Little Belt is 
3:7:1 for all three filters. The ratio <IQI>/SD(Q) is seen to be 
a little higher than 0.8, cf. section 8.2.3. 'l'he ratio for QS 
is even close to 0.9, but it is to be remembered that QS is 
calculated from a crude hydraulic model while QGB and QLB are 
calculated from direct current measurements; devlations ln 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/year. For 24-hourly simple 
means this is reduced to 3000 km /year. The absolute value of the 
total exchange Q equals the sum of the flushings of the single 
straits only if they are always of the same. sign (direction) . 
This is known not to be the case and the flushing of Q is 
consequently smaller than the numbers just given. 

It should be. 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 metres. Calculation of the vector 
of the mean current, Fig. 8. 5 a, shows persistent inflow at both depths with 
velocities about 2 cm/s. 'rhe salinity is seldom lower than 20 o/oo 
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 8 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 layer 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/oo 
higher than at the corresponding instrument 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 rai~e the 
calcul~ted mean outflow in the Great Belt with 3500 m /s or 
710 km ;year. At the same time, the total expected net outflow 
corresponding to 70 % of the fresh water surplus is only a little 
more than 300 km 3 /year. This demonstrates the extreme difficulty 
in estimating the long term net outflow from direct measurements. 
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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 
large. In the sum <Q>, however, these errors partly cancel. The 
results are presented as they were originally calculated, i.e. 
without adjustment to the known total outflow (Q -~V), because 
it was agreed upon from the beginning of the pro~ect that all 
water balance elements should be evaluated independently. 

8.3.4. Modelling the seawater exchange 

There have been many more or less successful attempts to model 
the sea water exchange. Most have been reviewed by svansson 
(1976) and Jacobsen (1979, 1980). Modelling of the data obtained 
during the Belt Project has been attempted by the Danish Hydraulic 
Institute (1977), Pedersen (1978), Nielsen (1979), and Jacobsen 
(1978, 1980). 

Most of the models seem to indicate that the best results are 
obtained with a non-linear bottom friction law, which has the 
advantage that it inhibits unrealistic large flow rates to 
develop for large sea level gradients. 

All these models give uncertain results when the rate of flow is 
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. 

It appears to be possible to monitor the sea water exchange in a 
rather simple way with observations of the sea level in the 
southern Kattegat and in the western Baltic, but the long term 
mean requires adjustment from the other terms of the equation of 
water balance, (Q - 6v). 

0 

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. 

Table 8.2 

Caps in measured total outflow Q 

Days Period 

24 13 Jul - 5 Aug 1975 

2 2 Sep - 3 Sep 1975 

32 5 Jan- 5 Feb 1976 

34 1 Mar - 3 Apr 1976 

41 2 May- 11 Jun 1976 

4 6 Jul - 9 Jul 1976 

31 3 Oct- 2 Nov 1976 

Total 168 

-99-

Simultaneous3value of 
(Q - /:':;.v)km 
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189.5 

-14.2 

106.9 

14.7 

-11.1 

227.3 
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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 strong 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 introduce a bias in the net 
exchange, which is calcula·ted over an entire cycle of inflow and 
outflow, and the bias :LE; expected to be of the same order of 
r.1agni ·tude 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, <IOI>· It has not been attempted to obtain a vertical 
resolu tj_on of the exchange from the direct current measurements. 
To be useful it requires a more detailed knowledge about the 
position and stability of the density interface than could be 
obtained from the relatively few moored selfrecording instruments. 
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Chapter 9 

RIVER INPU'r 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 observations and the measurements often cover a fairly short 
period, as the aim has been to determine the concentration of 
suspended material during the period 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 dissolved, colloidal 
and solid matter from waste material. This implies a serious 
environmental problem, as the waste material often contains heavy 
metals, toxic substances and other undesired contaminants, which 
affect the sediments, especially within the coastal depositional 
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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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. 

9.2. NETWORK DENSITY 

As mentioned above, a dense station network is needed in the 
northern region, whereas in the southern region a few stations 
registering the net transport from a large inland area are often 
sufficient. 

In Denmark there were no regular observations on sediment transport. 
However, ··some investigations have been carried out on Jylland 
(Hasholt 1974, 1975; Neiss 1974; Host-Madsen and Edens 1974), one 
small river on Sjalland (Bihlet 1971) and a pilot study in nine 
small rivers on Sjalland (Hasholt 1977). 

In Finland a network for studies of the chemical composition of 
river-water was in operation (Wartiovaara 1975, 1978). Though not 
especially designed for sediment transport the concentration of 
suspended sediment could be obtained from that investigation. 
'l'wentyone stations, located near the river mouths, cover 85 % of 
the area drained along the Finnish coast. The sampling frequency 
was 12 samples a year. 

In Sweden a network particularly designed for sediment transport 
studies was started by the national IHD-Committee 1966-67 (Nilsson 
1972). The observations were since the middle of 1975, carried out by 
the Swedish Meteorological and Hydrological Institute. Before 1966 
only irregular investigations were undertaken in some rivers 
(Arnborg 1958, 1967, 1969; Nilsson and Martvall 1972; Sundberg 
and Norrman 1963). The IHD network covers about 34% of the total 
Swedish drainage area and about 30 % of the total water discharge 
from Sweden into the Baltic Sea. A sampling frequency of about 
50 samples a year makes it possible to analyse about 10 % of the 
total water discharge from Sweden if one sample is supposed to 
represent the conditions during one day. 

In the USSR there was a network covering most of the drainage 
area of the Gulf of Riga. The network covers also about 60 % of 
the area which is drained to the Baltic proper. 

In Poland the network covers almost the ent.\.re area from which 
the water is discharged to the Baltic. Data from the river Odra 
also reflect the transport from most of the area which is drained 
to the Baltic from GDR. 

The sampling frequency in the USSR and in Poland varies from 
daily samples at some stations, for instance in the Vistula river, 
to every fifth day at some other stations. 

The names of the rivers and the stations are listed in Table 9.1 
and a map of the Baltic and the drainage area covered are shown in 
Fig. 9.1. 
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Table 9.1 
List of investigated rivers draining to the different subbasins of the Baltic 

( unde:t:_E;~~~~ _stations see tex.:!'-~.<l~!'l:~!:-~-:~.:.ll-·--···~----------····--····-· ...... 

River Drainag2 River outflow Sampling Drainage Lake area 
area km (longterm station area at upstream 

~) sampling sampling 
m /s s~tion station 

km percent 
1 . BOI'HNIAN BAY 
SWeden 1) 
Tome 1Hv1) 34 800 350 Civertomea 32 700 4.3 
Kalix alv 23 400 290 Kalix 23 700 3.0 
Lule alv 25 250 508 Gaddvik 25 250 7.8 
Pite alv 11 220 170 BOlebyn 11 093 6.8 
Skellefte alv 11 690 160 Rengard 9 640 13.0 
Finland 
Kemijoki 51 400 578 Kemin mlk 50 900 2.9 
Iijoki 14 385 170 Ii 14 315 5.8 
Oulujoki 22 925 234 Oulu 22 900 11.4 
Siikajoki 4 400 34 Revonlahti 4 395 1 . 5 
Pyhajoki 3 680 24 Pyhajoki 3 400 5.7 
Kalajoki 4 200 25 Kalajoki 3 025 1 .8 
Lapuanjoki 4 110 30 Uusikaarlepyy 3 955 2.8 
Kyronjoki 4 900 43 Mustasaari 4 805 0.9 
2. BOI'HNIAN SEA 
SWeden 
ore alv 3 030 35 'l'orrbOle 2 880 2.4 
LOgde alv 1 610 19 L6gdea 1 610 2.4 
Angermanalven 31 890 490 Nyland 31 700 7.4 
Ljungan 12 850 140 Njurunda 12 850 7.1 
Dalalven 29 040 370 A.lvkarleby 29 030 6.2 
Finland 
Isojoki 1 125 10.6 1 035 0.4 
Kokemaenioki 27 100 206 Pori 26 025 11 .8 
Aurajoki 885 6.2 Kaarina 730 0.0 
Paimionjoki 1 080 8.3 Paimio 790 2.2 
Uskelanioki 585 Salo 520 1 . 3 
3. GULF OF FINLAND 
Finland 
Karjaanjoki 2 010 17.8 Karjaa 1 925 12.2 
Vantaanjoki 1 685 13.7 Helsinki 1 235 2.8 
Porv=njoki 1 260 1 o. 9 Porv=n mlk 1 135 1 . 7 
Kymijoki 37 235 183 Kymi 36 535 19.4 
Virojoki 360 3.4 Virolahti 345 4.8 
4 . GULF OF RIGA 
USSR 
Gauja 49 Valimiera 6 150 
Daugava 88 000 465 Jekabpilis 70 200 (0 .6) 
5. BALTIC PROPER 
Sweden 
Eman 4 460 30 Emsfors 4 446 6.8 
Mi:irrumsiin 3 380 27 Mi:irrum 3 374 13.3 
USSR 
Neman 98 100 546 Smalininkai 81 200 1 . 0 
Preao)'a 14 677 87 Gwardiejsl< 13 600 2.7 
Poland 
Pas)'eka 2 330 14.8 Braniewo 2 290 2.0 
Wis)'a (Vistula) 198 510 1010 Tczew 193 866 0.7 
~eba 1 789 6.0 Lebork 436 5.2 
~upawa 964 8.2 Smo)'dzino 830 4.2 
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'rable 9. 1 cont. 

River Drainag2 River outflow Sampling Drainage 
area km (longterm station area at 

mean) sampling 
s~tion 
km 

S)'upia 1 652 16.7 S;tupsk 1 470 
Wieprza 2 173 16.0 Stary Krakow 1 510 
Parseta 3 14S 27.5 Hardy 2 944 
Reqa 2 672 20.9 Trzebiatow 2 551 
Cdr a 118 388 522 Gozdowice 109 364 
6. THE BELT SEA AND tiRESUND 
Sweden 
ROnne a 1 890 21 Klippan 952 
7. KATI'El3AT 
Sweden 
Viskan 2 200 33 Asbro 2 160 
GOta iHv 50 180 575 Ormo-Agnesberg 48 200 

1) The dra.inage areas are divj_ded according to mean water discharge through 
the bifur2ation. The Finnish area of the Tome rivers drainage area is 
14 900 km • 

Lake area 
upstream 
sampling 
station 
percent 

2.0 
1.1 
0.7 
1 . 4 
0.9 

5.3 

6.2 
18.0 

-1 0 5--

so 14° 

68" 

64° 

56" 

52° 

10" 14° 26° 

9.1 Map of areas of the drainage basin surveyed by the chosen 
stations network 

52° 

30" 
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9.3. METHODS USED IN MEASUREMENTS AND CALCULATIONS 

9. 3. 1 Water sampling 

In F.inland 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 §.}:!"_§.den a depth intgrating sampler was used within the IHD 
network (Nilsson 1969). The sampler allows a discharge-weighted 
sample consis·ting 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 0.5 1 to 0.8 l. The lower limit of 
the sample volume is stated because of analysing accuracy and the 
higher volume because it prevents throughflow of water in the 
sampler. 

In Polang and in the USSR the measurements of suspended load were 
done by the government hydrological services in selected cross 
sections. 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 
pointswere 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 load 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 almost the 
same values within the concentration range investigated. Compari­
sons with the Polish method have not yet been performed. 

9.3.2 Methods of analysing 

In Finland the analysis followed SFS-3037 standard methods 
(SIS-028"fL, Wartiovaara 1978). This means that a water sample 

of 50-100 
pore size 
amount of 
and after 
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ml was filtrated through Whatman GFC 45 filter with a 
of 1 micron. The filter was then dried in 105°C. The 
material was obtained by the difference of weight before 
filtering. 

In the Swedish IHD-project 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/1. 

In Poland and in the USSR the water samples were filtrated through 
no. 389 paper filtersOfthe GDR make having 105 mm in diameter, 
medium wide pores and medium fast filtering capacity and designed 
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 1(;50C 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/1 the minimum sample volume 
is 1 liter, for 50< P ~ 100 mg/1 the corresponding value is 2 
liters, for 20 < P < 50 mg/1 it is 5 liters and for P < 20 mg/1 
a sample volume of To liters is needed (PasXawski 1973). This 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 2, 
8, 14 ... 32 and so on were sent to laboratories in Denmark, 
Finland and Sweden. The sample volumes were ranging between 
400 - 500 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 (2) and 
Finland (3) show too high concentrations. The Swedish laboratories 
no 4 and 5 using the IHD analysing method described, gave results 
rather near the expected yalues. 
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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 + bQ + cQ~ 

where Tis mass transport, a,b and care 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 quality was weighted in relation to length of intervals 
between the water quality observations. The concentration was 
weighted by the total runoff recorded during the period represen­
ted by each quality observation. 

The mass discharge 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 100 % 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, Q 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 
i.nterpolcttion in time was easier and the mass transport probably 
more -accurately determined. Having found the daily suspended 
sediment concentration, the daily mass transport was evaluated 
using the formula 

-3 
Ti = 10 CiQi 

where C. is the daily suspended sediment concentration in g/m3 , 
Qi is tfie rate of mean water flow in m3/s, and Ti 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 = ~ T. /n 
i=1 1 

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

C = 10
3 T/Q 

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

R = 86,4 ~ Ti 
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 between 
the mean suspended sediment concentration at the hydrometric 
cross section, C , and the concentration at the site of 
ordinary samplin~, cp' viz. 

Cw = kCP 

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 year. 

Besides the use of sediment discharge rating curves the Polish 
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 
ordina~y sampling point in relation to the conditions at the 
whole cross section. Due to this fact the Swedish daily transport 
values were estimated within± 10 %accuracy+ ~t ~ome.stations the 
correction of the transpo~t should be about - 20 • (N1lsson 1972). 

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

9.4.1. Pilot study 

As mentioned before the calculation techniques 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 
because the Swedish method was considered to be more accurate 
but simply because of the fact that Swedish computer routines 
were available. 

~ 

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 Karsjaanjoki., Kokemaenjoki 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. 

'rhe 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 
soi.l regions and land use. 'I'he 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 areas, located along the coast between the mouths of the 
main rivers, and had very few lakes. 

In the southern part of Sweden the weighted mean concentration 
of the rivers HargsAn, EmAn, MbrrumsAn, R6nneA and Viskan, and 
the annual mean water discharge from the different areas, 
calculated by Mikulski ( 19 7 5) , were applied to the unmeasured 
coast regions. The two large drainage basins, Malaren-Norrstr6m 
and Motalastr6m, include large lakes acting as sediment traps 
close to the outlets of the basins. 'I'he mean annual concentration 
of those two rivers was estimated to 7 ppm. 

The unmeasured areas were named "coasi: region" even if they 
~ 

included rivers with a drainage area amounting to 6000 km~ of 
size. The mass transport of the r:i.ver 'rorne alv 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 tranuport rate and the unit 
discharge for semiannual and annual rx,riods within the subbasins 
under utudy. Averaged values of the annual totals of the 
uuspended load collected for a mult.L-ycar period were taken. As 
the pilot study extended from July 1975 t.ill December 1976, the 
contribution of the half year in the entire year transport value 
was evaluated for individual subbasinu, i.e. 

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 July-December 
half year of 1975 and for the year 1976 (I-XII 1976) as 
follows: 
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MQ (PS VII-XII 1975) 

MQ (VII-XII 1956-70) 

and a corresponding expression for 1976. 

Accordingly the suspended sediment transport from the subbasins 
under consideration during the pilot study could b'" evaluated as: 

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

Because of uneven distribu-tion of the gauging network, unequal 
sampling frequency and to some simplifications in the calculations 
that had to be made,the accuracy of the results obtained differs 
from reqion to .regionQ For instance ·the estimatc:s from Jche 
unmeasured areas, coast regions, of Sweden and especially those 
of Finland could certainly be more reasonably estimated by means 
of better knowledge of 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 Input 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 quite varying 
dependence on streamflow conditions. Because of this fact, a 
method was used in which different river transport characteristics 
were considered. 

• 0 
Values on denudatlon (t/km~) were plotted versus runoff for the 
rivers of each subbasin of the Baltic. The annual mean water 
discharge for 1961-70, calculated by Mikulski (1975), 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, Kokemaenjoki to 
the Bothnian Sea and Kymijoki to the Gulf of Finland) , the water 
discharges of these rivers were distributed to the other rivers 
ac~ording to drainage area. The annual mean water discharges 
(m /s) thus obtained were then transformed to the specific annual 
runoff (1/s km2) . 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. 
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Table 9.2 

Input of suspended matters to the Baltic Sea during the Pilot Study Year 
July 1975 - December 1976. 

··----.-------~--~---------··---·-·--··--·---·- ------- ~-·-~~~-~-·-·-

Subbasin Year Drainagz Contribution from countries ( 1 o3 tons) 
area km Denmark SWeden Finland USSR Poland GDR FRG Total 

1 . Bothnian Jul. '75 - 269 950 180 140 320 
Bay Dec. '76 

'77 580 183 763 

2. Bothnian Jul. '75 - 229 700 190 45 235 
Sea Dec. '76 

'77 550 68 618 

3. Gulf of Jul. '75 - 419 200 42 96 138 
Finland Dec.'76 

'77 41 492 533 

4. Gulf of Jul. '75 - 127 400 81 81 
·Riga Dec. '76 

'77 510 510 

5. Baltic Jul. '75 - 568 973 ? 95 300 600 - 60 - 1055 
Proper Dec. '76 

'77 ? 90 400 1900 -150 - 2540 

6. Danish Jul. '75 - 27 360 ? 5 - 12 - 17 
Straits Dec.'76 

'77 ? 20 - 18 - 38 

7. Kattegat Jul. '75 - 106 010 ? 100 100 
Dec. '76 

'77 ? 170 170 

1 - 7 Total Jul. '75 1 721 233 ? 570 227 477 600 - 72 - 1946 
Baltic Dec. '76 

'77 ? 1410 292 1402 1900 -168 - 5172 
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The same technique was applied to the Swedish data. The temporal 
extrapolations extended however only between the years 1961-66 
The transport values from the river AngeJ~manalven were avail.abl<co 
for the whole period (Nilsson 1974). The transport from the 
unmeasured areas was estimated in the same way as for the piJ.ot 
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 Sjalland gave transport 
values ranging between 5 - 2C kg/day and km2. ~aking the different 
water discharges during the invest~gation into consideration, an 
estimate of about 15 kg/d~y and km', or in round number an annual 
transport of about 6 t/kmh, seems to be a reasonable value for 
the mass transport condi t.ion on Sj all and. 'rhis est.i.mat.e could 
also be valid for the cond~tions of the rest of the islands, i.e. 
an area of about 12,CCO km'. 

In Jylland some investigations during 1969-74 ijave sediment 
discharge amounts ranging between 10 - 27 t/km• in rivers 
discharqing to the North Sea (Hasholt 1974, Hoc;i:-Madsen ,•md 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 Jyl.land. Annual mean 
tran~~ort during the years 1967-77 of the river Viskan was 7.3 
t/km~. Taking into account the soil distribution of the Viskan 
basin, with 20 % exposed bedrock and 40 % till which is compara­
tively resistant to erosion, the contribution from the ~est of 
the baf3in to the t.otal transport would be about 1' t/km". This 
amount was considered to be a reasonable value of the annual 
transport from Jylland. 

Rough estimates of the areas of the different drainage basins 
were made. According to these estimates~ about 1,. 000 km'' of the 
area is drained to the Baltic, 9 1 000 kmL to the Belt Sea and 

2 2,000 km~ to Kattegat; from Jylland water from about ~,.000 km-
is discharged to the Belt Sea and from about 6,000 km1 to Kattegat. 

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 Aleksandr6va 
197:::; Lvovic 1971; GGI 1975-76; Mikulski 1975). 'rhis 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: 

for a portion of the drainage basin"of the Gulf of Finland, 
a unit denudation index (MR in t/km~ year) was evaluated 
after Lisitsina and Aleksandr6va (1972) 

MR = 0.005 MQ
3

·
3 

h 'f' annual runoff in 1/s km 2 . where MQ is t e specl lC 

2. 
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The M
0 

value was found from the data according to Mikulski 
(1975r. 

for the drainage basins 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 basln, i.e. 

MR(basin) = ::8RA / L: A 

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 a~ that on . 
the GDR and FRG territories calculation of the unlt denudatlon 
index MR was based on the analogy to the western pa7t of the 
Pommeranian Lake Country in Poland, i.e. to the baslnS of 
the Rega, Parseta and Wieprza rivers according to 

~RA (Rega + Parseta + Wieprza) 

"'A ~ (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 Discussion 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 available at all and 
from other regions 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 varled from 
one investigation to an other. 

Certainly some intercalibrations of methods were carr~ed out in 
Denmark, Finland and· Sweden. Still a lot of work remalns to be 
done before the calibrations are statistically proved. 

According to the estimates 'given the total input of suspended 
matters to the B~ltic is in order of 7.5 mi~lion tons a year. 
The input per km- is from D~nmark 8. 4 t/km'·, from ]?eland 6. 7 
t/km2, from Swedeq 4.5 t/km'-, from Finland 4.0 t/km1 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 
basins 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 
Zdzislaw Mikulski (Sweden) and Halin Falkenmark (Sweden) 

10.1. INTRODUCTIQN 

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, 
1951-70. This effort would give homogenous and mutually comparable 
data and would better reflect the water balance in its various 
details 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 averages 
of the different water balance elements. Durinq 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 years 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 final 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 T i m e p e r i o d and system 

Precipitation 

Evaporation 

River inflow 

Water volume changes 

Net water e_xchanges 

Suspended sedime~1ts 

Dissolved transport 

Reference period 
1931-60 

entire 
subbasins system 

MS 

M 7* 

M5 

M 7* 

M3 

Water balance components 

* period 1362-1978 

Historical period Pilot study year 
1951-70 

entire entire 
subbasins syst:.=em::.:____;:subbasins system 

M6 M6 T5.4 T 5. 4 

M8 M8 T 6.4 'J'6.4 

M4 M4 T 4.1 '1'4 .1 

M9 Mg 

TB.1 

'1'9.3 ~rg 42 

M 11 M 11 T1C.4 

The Group of Experts already in 1971 decided that homogenous 
data on all water balance elements should be compiled for two 
ten year periods (1951-60, 1961-70). It was also considered 
desirable to extend the analyses to the climatological 30-year 
reference period of WMO 1931-60. When the joint work had started, 
it turned ;ut 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 periods others 
than those reproduced in the present report. 'J'he reader is 
referred to the full reports of the element coordinators in this 
respect. For instance, a 55 year data series is now a~ailable 
for river inflow, and a 100 year average for evaporatlon 
(although not homogeneous with the other elements). 

For the PHot Study Year (July 1975 - December 1976), monthly 
data were gathered on a continuous basis, in~luding water exchange 
through cooperation with the Danish 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 

'J'he elements of the freshwater balance of the Baltic Sea, for 
subbasins 1-5 and 1-6 respectively, averaged over the 20-year 
period 1951-70, ars exhibited in Table 10.2. Setting 
the net freshwater inflow Q0 = P - E + L to areas 1-5 at 100 % 
(476 km3/yr), it could be seen t~at th~s inflow is co~posed of. 

a horlsontal component of 436 km , comlng from the dralnage basln 
and c~rried by the rivers (92 %), and a vertical component of 
40 km or 8 %. 'J'he latter forms the difference between precipi­
tation (224 km3) and evaporation (184 kmJ). 

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 em. Highest 
annual mean level (3.4 em occurred in 1967, a wet year, see below) 
and the lowest (-17.4 em) in 1960. Amplitude of average annual 
level was accordingly 20.8 em. 

Reference period 1931-60 

Table 10.2 also allows a direct comparison between the historical 
20-year 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-y~ar period, as a working hypothesis. The 
higher net freshwater input is reflected in a somewhat higher net 
outflow. 



.. 1 2 0 .. 

3 
rrable 1 0" 2" vva t.er balance componerrts (km 

Wit.l10Ui: Belt Sea and KaLtegat Without. Kc;.tteqat 
( 1-5) ( 1-·6) ,, ,., 

A ... 37~: 858 km'"' A . .. 39;: 979 kn{ 

1951--'70 1931-68 Brogmus 195'1·-JC 1931-GG BrO<;-JIU1..J.53 

Precipit:ation p 2~~4 ;.3'7 172. 77 % 239 <;·l~ (\ 
<-.,) -' 183 

Evaporab.on E 184 ( 184) 172 93 % 193 195 ,, 183 

River inflow I.. 436 428 472 1S8 % 444 436 479 

Net freshv1ater input 476 481 4"1'' l?.o 99 % 49C 491 479 

Qo ... p -- E + L 

DV n 
,. .. 0 

Storage change + 5 ~ + ~ '" " 

Net; oul:flow 471 481 47:.' 1 co Vs 485 491 ,j"/0 -:t ,_, 

-1'1v Qo l:l M - .... 

* Longt:erm avcraqe 1868--1978. From llenninq ('1985) 

The standard values generally used by oceanographers during the 
last 30 y~ars 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 been under­
estimated by about 7%. About 2% of those 23 and 7% respectively arc 
due to sea area differences in the calculations~ It is interesting 
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 t.hat precipi·tat.i.on and evaporation even"d out to a 
vertical balance term of zero. The large underestimation of the 
precipitation in the past is due to a missing correction of precipi­
tation observations for the aerodynamic deficit, introduced by the 
measuring device itself. 

The evaporation determinations made by Henning (1985) 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 ex·trapolation backwards in time has taken place 
as earlier indicated (Chapter 6). 

In 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/U!P values, they sti.ll 
underestimated the precipitation heavily. Witting's estimate of 
evaporation is quite acceptable, however. 
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10m2.2 :fnterar1nua:1. fluctuations 

Benefittinq from t~he fact. t:ha·t dat:a on both :c:Lvcr :Lnflov_r and ;;-;(:<:: 

volume incrcment:s are now available also fo:c the :i..nd:i . .vidual 
years of the historical period 1951-70 -see the ful:l. reoorl:s fr·ont 
the element coordinato:cs on these two elerncnts (Mik.u1ski ··1 :;;::;::, 
Lazarenko 19<3C) ~- t:he interannual .fluct:ua·t.ions of the: v;~ater })a1ance 
could be-: studied at. least approximately (Fig., 1 0 ,. 'i} . A~; annu:-:: . .1 

data are 1JJ1fortut1atc~ly mtsfLLng on both prec:Lpi tat:ion and eva.pucat:Lon r .t:t he..~:i 
been assumed ~hat precipitation exceeds evaporation wi·th on the 
average 40 km /yr. This is a very crude assumption 1 though, because 
in dry years evaporation tends to be markedly-above average (cf 
se~tion 10.3.2) , __ whiJ.e in wet years evaporation remains significani--l~· 
below average va.l.uesD · 

Tl1e water voJ.ume increment from one year to the next varies 
between an increase of over 6C km3 and a decrease of 140 km3 , 
when added up for subbasins 1-5 (Lazarenko 1980) ~~h~~ annuill 
river inflow, durJ.ng the individual ye*rs of the 20 year period) 
fluctuated bct.vJc::cn a minimum of 360 h:rn_J ( '1969) i.'l.nd. a m . .:)_x.imum o:f 
51'1 ('196'/) r i"c:., >:J.Lt.h.in a.n :Ln.tc:rv·al of tJlur;; m:Lnu;-_-:; '1'/ sz; a:cou.nd 

t~~=- .. '~~~~:c~~q.E:;_: -,~~~:'_J-l:I~-·= :m~:~a:~~ t:~-1~~t~ ~~-h-~~" :~_:_~~-~s~1vla-~;e:~-t- :i..:tlr?-j'vl ):J.a.f_; va.ric~d 
b..::~t_\v(-_ .. Cli ct ~.n.L.t .. TJ.Tit,l!t O.L -.t~.-0 d11Ct d .1klXJ.n.um 01 .. ),)0 1<.:111 0 We ntclY cor;cludc 
thq.·t ·t-he f:r:·cshwo.tc:;r outflow has varied between a.bottt :.~50 and 600 
km_J, or be·tween 54 % and 127 % of the average. 

From t~he interannual course of storage change { l\. V) and n.ot. 
outflow (H- M), exhibited in Fig. 10.1, we can see that larae 
net: outflo"'n' have generally occurred :tn combination with nc,g·at:Lve 
sea volume i.ncrements. In other words, the large outflows have 
been partly composed of a contribution released from the sea 
storage. Also the opposite is true: the years 1951 and 1960, when 
the net outflow took on its lowest values duri.ng the 20-year ., 
preriod, the storage increased in the Baltic with around 160 kmJ 
on both occasj_onsa Certain years, more than 40 % of the riVeJ: 
inflow may remain in storage, whereas during other years, a sea 
water storage release corresponding to 40 % of the inflow may 
add to the outflow. 

Studying the river inflow during the different years (cf Fiq. 4.1.), itc 
can be seen that wet years were 1953, 1958, 1962 and 1967. Dry 
were on the other hand the years 1959, 1960, 1963, 1964 and 1969. 
From Fig. 1 0. 1 we can see that years with low net out:flow were 
1951 and 1960, whereas ·the net outflow culminated in 195Z, 1958 
and 1968. 

In conclusion, there are considerable differences between 
individual years both in the relations between individual elements 
and in ·the water volumes involved in the water balance. When 
averaging over a long-term period, these differences are wiped out. 
Such extreme conditions as can be seen during individual years 
evidently influence the ecological situation in the Baltic system 
considerably. Therefore, the water balance should be continuously 
moni ·to red, 

Before ending this discussion on interannual fluctuations, we may 
observe ·that tche two most extreme years of ·the 20-year period i~ 
terms of river inflow were 1967 (inflow to subbasins 1-5 511 km ) 
and 1969 (inflow 360 km3). However, it turns ou'c that. the pilot 
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year 1976 was even drier, with a river inflow close to two 
standard deviations beneath the long term average (Jacobsen 1980). 
We will therefore come back 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 wa·ter balance elemen·ts, averaged for the period 1951-· 7 0, 
month by month, are given in Main table 11 and Fig. 10.~a. It 
could be seen that the precipitation culminates during July­
September and has its minimum in March-April. 

The evapor~:f::ior~ 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. 

The seasonal variation in sea water retention (sea volume increment) 
shows a systematic release of retained water during the winter months 
J'anuary-March, whereas water is retained in the Baltic during April­
July with maximum retention in July. During the autumn, cond1t1ons 
are less regular, due to autumn storms. 

Annual course of the total water balance 

The annual course of the total water balance is shown in 
Fig. 10.2b, 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 storage in December decreases the net water outflow during 
this month. However, in spring, the considerable increase in 
river inflow with maximum in May, causes 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 outflow 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. 10.2 
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10.3. SHORT TERM VARIATIONS OF THE WATER BALANCE 

10.3.1 Pilot study year 

Thanks t.o the independent and synchronous measurements of all the 
individual water balance elements during the 18-month period 
July 1975 - December 1976, good precision data are available for 
this period of time. Evaporation was much better estimated than 
during earlier periods. The estimated accuracy of the monthly 
evaporation for at least the entire Baltic and the large subbasins 
(Baltic Proper and the Bothnian Sea) was (in Chapter 6) assumed 
to be within plus or minus 5 %. 

Within the Danish Belt Project, efforts were made to determine 
the transport through the Danish Straits through direct current 
measurements. However, the information gained through this study 
demonstrated the extreme difficulty in estimating the long-term 
net outflow from direct measurements, i.e. the average net outflow 
of an oscillating fluid of changing stratification. It was 
concluded that the monthly net outflow was more reliably determined 
from the water balance than from direct measurements (Chapter 8) . 

The sea water retention was also followed with great accuracy 
during this period of 18 months, when daily values were recorded 
(Chapter 7) . 

Individual elements 

The monthly data for the individual elements have been brought 
together in Table 10.4 and are visualized in Fig. 10.3a. 

The precipitation varied between 7 and 33 km3/month, culminating 
in December 1976 with minimum in February 1976. 

The river inflow fluctuated between 23 and 50 km3 /month 1vith 
lowest inflow in November 1976 and the highest in May 1976. 

The evaporation fluctuated between 4 and almost 40 km3/month with 
minimum in May 1976 and maximum in October 1976. During autumn 
months both years, the high evaporation produced negative vertical 
balance. 

The net fresh water inflow varijd between almost 60 km3 /month in 
May 1976 and a net loss of 3 km in October 1976, when the large 
evaporation dominated over the fresh water input from precipitation 
and river inflow added together. 

The sea water volume changes alternated between stora~es and 
releases. Largest monthly storage increase was 116

3
km (Dec. 1975) 

and largest release of stored sea water was 213 km in February 
197 6. 

When comparing these fluctuations with the long-term average 
conditions, the large divergences characterizing individual years 
are clearly illustrated. The regular course with storage • .... 
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predominating in summertime, and release predom:Lna_-ting during 
winter does not hold for this per.iod. There were large releases 
.in buth February and October 1976, and very small storage changes 
both summers 19 7 5 and 1 97 6. Large retentions occurred .in December 
both years. 

With.in the Belt Project which .included also the Pilot St.udy Year, 
Danish oceanographers carried out .intensive measurements of the 
currents .in the Danish Straits (Chapter 8). The measurements 
obtained dur.ing th.is period were used to calculate the "observed 
outflow" and compared w.ith the expected outflow as calculated 
from the HlP project. The measured outflow turned out to be 
systematically lower than the expected outflow, with an accu!Jlulated 
deviation dur.ing the P.ilot Study Year of the order of 300 km . 
The large size of the standard deviation of the d:Lscharge - one 
order of magnitude larger than its mean value - makes it difficult 
to get reasonable estimates of the long-term net outflow not only 
from direct current meters but also by indirect determination 
from lightships observations, or hydrodynamic modelling of the 
discharge in the transition area. The conclusion from the Belt 
Project was therefore that ''long-term mean values are best 
determined from the fresh water componen·ts of the water balance" 
(Jacobsen 1980), i.e. hydrologic water budget studies. 

According to Jacobsen in Chapter 8, the net outflow is a function 
of the time scale. '!'he water movements in the Straits are quite 
complicated, being the end result of a number of driving forces, 
out of which the freshwater surplus is just one factor. The size 
and the directions of the in- and outgoing flows vary with time. 
Measurements in the Belts have shown that values are by 10-20 % 
higher for hourly averages of discharge than for daily averages. 
Averages over prolonged periods converge to a long-term meanvalue, 
given a stationary process determined by the water balance equation. 

Annual course of the total water balance 

The annual course of the water balance, when combining the input 
and the output elements, is exposed in Fig. 10.3b. It is 
interesting to note, besides the negative vertical water balance 
during the autumn months both years (Aug. to Oct.) already 
discussed, that the two following months (Nov. and Dec.) have 
opposite character, with negative vertical balance in 1975 but 
positive in 1976. During five of the 1S months, evaporation was 
even greater than the river inflow (Nov.-Dec. 1975; Sept., Oct., 
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 equivalent to large net inflows of water from the North 
Sea during ·thosJ months of more than 100 km3 in December 1975, 
more than 50 km in J·anuary and December 19 76, and just over 3 0 
km3 in Novenmer 1976. 

Dur.ing all these months the net inflow from the North Sea resulted 
in large amounts of water stored in the sea. On the other hand, 
the huge net water outflow in February 19j6 was a contribution 
from released storage of more than 200 km • 
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10.3.2 Seasonal variations during extreme years 

If we now compare the conditions during 1976 with the conditions 
during individual years of the historical period 1951-70, we 
note that the river inflow during 1976 was even l01¥er than in 
the driest year of the 20-year historical period. By comparing 
the two years 1967, which was the wettest year of the 20 year 
period, w.ith 1976 which wa,s an extremely dry year, we may get an 
idea of extreme conditions, as summarized in the following table 
(Table 10.5). 

Table 10.5. Comparison of extreme years 

wet dry hi.storical % of historical 
_L19.52L __ _j1976l (1951-70) wet dry ___ 

Precipit.ati.on 263 202 224 117 90 

E.Vaporation (189) * 207 184 112 

River inflow 511 345 436 117 79 

Net. freshwater input 585 340 476 123 71 

Storage +94 -33 + 5 

Net. water outflow 491 405 471 104 86 

* 1 0 year average 1961-70 from Henning (1985) 1 ) 

The water balance during 1967 is shown in Fig. 10.4a (elements) 
and Fig. 10.4b (total water balance). Similar illustration for 
·the dry year (1976) was already shown in Fig. 10.3a-b. In Fig. 
10. 4c a corEparison is made between wet year and dry year water 
balances. 

During the wet year, precipitation and river inflow are both 17 % 
above long-term average. The dry year evaporation is 12 % above 
average. The net. water outflow is just 4 % above average during 
the wet year, and 14 % below during the dry year. The sea 
storage contributed about 8 % of the net outflow during the dry 
year, whereas a water volume corresponding to 18 % of the net 
outflow was kept in storage when wet year ended, to be later 
released. 

During the wet year, there were two months of net inflow from 
the North Sea (March and Oct.) as compared to four months of 
inflow during the dry year, as already mentioned. For both years, 
storage and release from storage alternated during the course of 
the year. 

1) By using, as an alter~ative, Henning's measured value for the 
wet year 1977 (163 km /yr) reality might have been better 
approximated. The net freshwater input and the net outflow 
during the wet year might therefore be underestimated about 5%. 
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10.4. REGIONAL DIFFERENTIATION OF THE WATER BUDGET 

10.4.1. Baltic Sea a cascade of interconnected subsystems 

It is evident from the map in Chapter 2 that the Baltic Sea is 
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 subsys'cems. In this section, the implications of 
this fact will be closer analyzed, based on the dat.a .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. 

10.4.2. Hydrological comparison of individual subbasins 
of the Baltic 

We will start this subbasin analysis by comparing, from a purely 
hydrological viewpoint, the individual subbasins based on data 
averaged over the period 1951-70 (Fig. 10.5a). The diagram 
indicates the layer thickness in mm when evenly distributed over 
the subbasin area. The vertical balance is consistently positive 
in all subbasins (of the order of 100-·200 mm), largest in Bothnian 
Bay and Bothnian Sea, smallest in Baltic Proper. Both precipita­
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 
by the large area. Bothnian Bay receives large amounts of river 
inflow (2800 mm), Bothnian Sea and Gulf or Riga about 1000-1500 
mm/yr. 

Fig. 10.5b exhibits the complete endogenous balance elements of 
the individual subbasins, now expressed in km3/yr, showing that 
the net outflow, formed by the fresh water input to the basin is 
practically the same in all subbasins except Gulf of Riga, where 
it is of the order of one third of that water mass. The endogenous 
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. 
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10.4.3 Seasonal fluctuations of the endogenous water balance 

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 
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. 10.2b) 

During the winter months, the storage change is systematically 
negative in each one of the individual subbasins 1-5, releasing 
stored water to contribut:e to the outflow. This element is 
evidently a secundary element in the water balance, 
phenomenologically determined from the other ones. The diagrams 
also show that subbasins 1, 2 and 3 (Bothnian Bay, Bothnian Sea 
and Gulf of Finland) are typical throughflow basins during the 
maln part of the year due to inflowing large rivers, with the 
horisontal terms dominating over the vertical ones. 

Conditions are less regular in Baltic Proper (subbasin 5), as 
expected. The vertical balance dominates in autumn and early 

winter (Aug.-Dec.). In the other subbasins, the vertical balance 
plays a Smaller role. 

10.4.4 Real water exchange, considering also the freshwater 
throughflow 

Up til now we have been considering the subbasins as individual 
subsystems under horisontal influence only from their own drainage 
basins. We are now turning to the composite system by 
interconnecting these subsystems to a cascade, thereby exposing 
them to a throughflow component of exogenous fresh-water emerging 
from subbasins further upstream in the system, i.e. to the 
influence from "upstream" drainage basins. 

The real fresh-water exchange conditions are also reflected in 
Fig. 10.7 where attention is paid also 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 580. 

When seen on a monthly basis, it is evident from Fig. 10.6 
that for the Bothnian Sea, the endogenous water exchange dominates 
during most of the year. Equivalence characterizes June, whereas 
the exogenous contribution dominates in May. For Baltic Proper, 
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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 
exogenous contributions sum up to a total water exchange, subject 
to only moderate seasonal variations. In March, the endogenous 
contribution is about 40% of the total. Most extreme is September 
with practically no endogenous contribution. 

From Baltic Proper, the water 
stream subbasins 6 a3d 7 with 
contribution (< 3 km ) . 

flows northwards through the down­
practically no more endogenous 

10.4.5 Overall freshwater exchange of the whole system 

The composite freshwater exchange cond:i tions of the whol cascade 
system is summarized for the historical period 1951-7C in Fig. 
1C.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 years to exchange the whole water mass. Thanks 
to the freshwater throughflow from the Bothnian Bay, the exchange 
time is reduced to about 25 years.Likewise, the Baltic Proper, 
if only supplied with the endogenous freshwater contributions, 
would be practically stagnant with an exchange time of a \vhole 
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 25 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 theref~re 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 
of the inflow. 
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Chapter 11 

CONCLUSIONS 
Zdzislaw Mikulski (Poland) and Malin Falkenmark (Sweden) 

11.1. INTERDISCIPLINARY PROBLEMS OF THE 
SEJY!I-ENCLOSED BASIN 

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 ocean 
through a constricted sound area, i.e. a semi-enclosed 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 hydrologists and 
oceanographers is needed - none of them is 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 close 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 oceanographi.cal and ecological problems, rela~ed. t'? the 
environment of the Baltic sea, and to clar1fy the var1ab1l1ty 
both i.n time and space of these elements. 

11 . 2. THE INTERN1'.TIONAL PROJECT 

What has characterized the IHD/IHP project on the Water Balance of 
the Baltic Sea has been the orqan.ized 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. 1'he 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 Meet1ng~ 
for methodological discussions and joint solving of methodolog1cal 
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 perlod 
1951-70 have been compiled. Efforts were made to arrive at the 
closing

1

error of the water balance by separate and independent 
determination of all the individual compon<ents. 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 ne":' and more . 
hydrological view has been introduced. The earl1er borderl1ne 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 considerati'?n of the seven. 
interconnected subbasins of the Baltic, llnked together 1n 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 arid 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 1nput 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 eharacter1st1cs, 1.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 measuremen-ts 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 equation. 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 closing errors. 

The project produced the conclusion that in earlier studies, 
precipitation had been severely underestimated, due to neglect 
of errors involved in point measurement of precipitation. 

For river inflow it was possible to study a 55 year data ser.ies, 
thereby allowing even better ins.ight .into the time variab.ility, 
espec.ially as the river .inflow, when seen in a long-term 
perspective, plays a dominating role over the vertical balance. 
A stat.istical study on the 55 year series illuminated the 
characteristics and the long-term variat.ions .in the input of 
river flow. It was concluded that consecut.ive decade averages 
did not differ very much from each other dur.ing that period. 

The sea water storage represents a quite dom.inating factor in the 
water balance when seen on a monthly or da.ily 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 indj_vidual 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 st:udy 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 variability 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. 

Ecologists, 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 
j_nput of suspended material to the various subbasins 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. 

1\lhen ecologists and oceanographers end by understanding the large 
role played by the freshwater budget, they will become interested 
intrying to follow, on a continuous basis, the freshwater balance 
and its components, as a measure of keeping control over the 
Baltic as an environment of considerable value for all the 
bordering states. This would make it desirable to keep the Baltic 
Sea under continuous observat.ion through an operational water 
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 complications 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 cons.iderable difference between the 
complex eascade of partial seas composing the Baltic, and an 
inland sea like the Black Sea. For instance, the Bothnian Bay JG 
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, conditions are vastly different: the 
water balance gets much rriore complex. These throughflow subbaslnrJ 
receive water both from the land areas drained, and as inflow 
from upstream subbasins. On a short term basis, the back and 
forth movement of water masses between neighbouring subbasins 
may be considerable, but in the long-term perspective, they 
converge to the net water exchange determined by the freshwater 
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balances. This basic fact, that the hydrological factors have 
such considerable influence, as soon as the long-term perspective 
is 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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Sea volume changes of the Baltic Sea 
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Lazarenko 

Annual mean input of suspended material 
the Baltic Sea and its seven subbasins. 
Averages 1961-70 
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MAIN TABLE 2. SHARE 
Table 

OF THE BALTIC COUNTRIES IN THE DRAINAGE AREA OF THE BALTIC SEA 
compiled by Zdzislaw Mikulski (Poland) 

No. Country 

1 USSR 

2 Sweden 

3 Poland 

4 Finland 

5 Denmark 

6 GDR 

7 FRG 

8 Norway 

9 Czechoslovakia 

*) = European part 

Drainage area 

594 600 

445 300 

310 950 

303 400 

23 400 

18 260 

5 130 

12 000 

8 200 

% 

34.5 

25.8 

18 . 1 

17.6 

1 • 4 

1 • 1 

0.3 

0.7 

0.5 

Area of Country 

5 570 000*) 

449 964 

312 683 

337 032 

43 075 

108 178 

248 611 

323 886 

127 977 

% 

1 0 • 7 

99 .0 

99.5 

90.0 

54.4 

1 6 . 9 

2 • 1 

3.7 

6.4 

Length of shore line**) 

km 

2 670 

5 450 

590 

2 970 

2 480 

660 

400 

% 

17 .6 

35 .8 

3 .. 9 

1 9 • 5 

1 6 • 3 

4 .3 

2 .6 

**) =Evaluated on basis of 1:1.7 min map/Bathymetric map, Helsinki 1981 - obta.ined valued 
are aproximated to 10 km/. 

Years;Month 

1921-1930 

1931-1940 

1941-1950 

1951-1960 

1961-1970 

HAUl Tl'BLE 3. RIVER INFL0\'1 TO THE BALTIC SEA (SUBBASINS 1-7) 

Monthly and annual means for different time periods. Table compiled by 
Zdzislaw Mikulski (Poland) 

I 

m
3
/s 10877 

km3 29.134 

3 . 994" T!! /S ... 

km
3 26.602 

m3;s 9042 

km
3 24.191 

rr.J /s 9948 

km
3 26.648 

m3/s 10682 

km
3 28.612 

II III IV v VI VII VIII IX 

9983 11906 17388 24 705 25988 19142 15772 15084 

24.343 31.891 45.070 66.171 57.361 51.271 42.252 39.105 

9522 12490 17470 23823 21955 16139 14295 13624 

23.279 33.452 45.2&4 63.808 56.906 43.228 38.288 35.311 

9423 11078 17931 22256 21758 15500 12713 11855 

22.993 29.670 46.478 59.611 56.374 41.518 34.049 30.727 

10212 11454 18507 25052 22344 16756 14942 13932 

24.921 30.655 47.974 67.090 57.904 44.870 40.016 35.971 

10931 12016 19746 25061 20707 13640 13334 13184 

X XI 

15250 16084 

40.844 41.690 

14202 13760 

38.040 35.668 

12417 11994 

33.256 31.095 

13568 12599 

36.338 32.652 

XII I-XII 

12939 16260 

34.658 513.792 

11172 14866 

29.925 469.952 

11178 13929 

29.939 439.907 

10961 15023 

29.358 474.425 

11992 14929 
U1 

m3/s 12228 

krr? 32.893 

26.647 34.863 51.181 67.124 53.672 36.534 35.711 34.174 
12905 13948 

34.567 36.156 32.118 471.357 f• 
1971-1975 

1921-1975 

1931-1960 

1951-1975 

n.3 /s 10292 

km3 21.570 

m
3
;'s 9644 

km3 25.814 

m3;s 10952 

km3 29.384 

12743 12431 

31.151 34.109 

10262 11847 

25.047 32.288 

9719 11674 

23.731 31.269 

15571 

40.707 

17969 

46.607 

17969 

46.579 

11295 11967 17941 

27.573 33.219 46.621 

21221 

56.931 

23911 

64.049 

23710 

63.503 

17961 

46.584 

22133 

57.365 

22019 

57.061 

13420 

35.912 

15980 

42.796 

16132 

43.207 

11832 

31.909 

13995 

37.504 

13983 

37.451 

11177 

28.983 

13321 

34.505 

13137 

34.003 

12581 12614 

33.686 32.650 

13570 13580 

36.343 35.197 

13396 12784 

35.877 33.138 

23778 20337 14605 13369 12764 13018 13054 

63.713 52.7L0 39.107 35.879 33.043 34.863 33.819 

12214 13832 

32.702 438.220 

11700 14895 

31.336 470.644 

11104 14606 

29.741 461.428 

11772 14595 

31.393 461.332 

Ul 
00 
I 



Region 

1 thn . Ba 3 . • Bo J.an y m tS 

km3 

2. Bothnian Sea m1 1 s 

3. Gulf of 
Finland 

km3 
3, 

m ;s 

km3 

4. Gulf of Riga m3/s 

km3 

5. Baltic m3;s 

MAIN TABLE 4. RIVER INFLOW TO THE BALTIC SEA AND ITS SEVEN SUBBASINS 

20-year averages for the period 1951-70. Table compiled by Zdzislaw Mikulski (Poland) 

I 

1348 

3.544 

1822 

4.854 

2445 

6.878 

482 

II III IV v VI VII VIII IX 

3304 

8.563 

2937 

7.612 

3374 

10.042 

X XI 

2570 

6.662 

2336 

XII 

1622 

4.348 

2023 

5.432 

2808 

7.522 

I-XII 

3106 

98.287 

3004 

94.996 

3582 

113-517 

605 920 

1 -620 28 -998 

2968 3186 
Proper km3 

1. 292 

2680 

7.179 

1190 

2.902 

1714 

4. 182 

2580 

6.292 

422 

1.026 

3143 

7.659 

1100 

2.944 

1661 

4.450 

2827 

7.598 

694 

1.860 

4414 

11 .821 

1816 

4.706 

2078 

5.388 

3754 

9. 730 

3450 

8.943 

6617 

17.152 

8616 

23 .077 

4472 

11 .978 

4584 

12.275 

2076 

5.560 

4277 

11.456 

6174 

16.014 

6572 

17 .034 

4467 

11 .579 

678 

1.755 

2895 

7.504 

3486 

9.339 

4242 

11.360 

4296 

11 .401 

426 

1.142 

2204 

5.902 

3039 

8.140 

3729 

10.018 

4016 

10.756 

378 

1 .010 

2230 

5.972 

465 

1 -205 

2018 

5 .162 

3005 

8.048 

2476 

6.634 

3802 

10.182 

645 

1 -727 

2116 

5.669 

6.054 

3574 

9-262 

717 

1 .858 

2664 

6. 08 7 .952 10 0-336 I 

-------------------------------------------------------------------------------------------------------------- ~ 
Sum 1-5 

6. Belts and 
Sund 

Sum 1-6 

7. Kattegat 

Sum 6-7 

8 .Baltic Sea 

Sum 1-7 

3 m '/s 8767 
3 km 23.747 

3 . 30" Til jS ~ 

km3 0.810 

9049 

22.061 

0.790 

m3 /s 9069 9371 

km3 24-557 22·851 

1146 

3.072 

1448 

3.882 

1202 

2.934 

1524 

3. 724 

10696 

28.673 

33:2 

0.893 

17715 

45.918 

314 

0.816 

24025 

64.345 

236 

0.627 

20786 

53.886 

173 

0.442 

14614 

39.144 

140 

0.368 

13392 

35.896 

167 

0.444 

12598 

32.584 

203 

0.524 

12044 

32.260 

244 

0.656 

11861 

30.744 

290 

0.750 

11028 18029 24261 20959 14754 13559 12801 12288 12151 

29-566 46-734 64-972 54-328 39-512 36-340 33-108 32.916 31.494 

1198 

3.206 

1530 

4.099 

1097 

;:.843 

1411 

3.659 

796 

2-132 

1032 

2.759 

563 

1 .456 

736 

1.898 

444 

1 .191 

584 

1.559 

580 

1 .554 

747 

1. 998 

758 

1 -969 

961 

2.493 

947 

2 .536 

1191 

3.192 

1122 

2 .910 

1412 

3.660 

10026 13798 

26 .8 74 436 .134 

302 252 

0.808 7.928 

10328 14050 

27.682 444.062 

1147 

3.071 

1449 

3.879 

917 

1 i 63 

36.802 

m\s 10315 10572 11735 19126 25056 21526 15198 14138 13558 13236 13274 11476 14967 

km3 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.S36 

NAIN TABLE 5. PRECIPITATION ON THE BALTIC SEA AND ITS SEVEN SUBBASINS 

Region 

1 

2 

3 mrn 
kffi3 

4 rrrn 
kffi3 

5 

6 

7 

1-7 

Long-term averages for the reference period 1931-60. Data from Bengt Dahlstrom 
(Sweden) 

I 

43 
1. 56 

52 
4. 12 

57 
1. 65 

55 
0.99 

57 
11 .97 

II 

33 
1.20 

35 
2.77 

41 
1 .21 

40 
0.72 

44 
9. 24 

III 

29 
1.05 

29 
2.30 

33 
0.97 

33 
0.59 

35 
7.35 

IV 

34 
1.23 

33 
2.85 

41 
1. 21 

36 
0.64 

39 
8. 19 

v 

30 
1 .09 

45 
2.62 

45 
1.33 

41 
0.73 

40 
8.40 

VI 

46 
1.67 

45 
3.57 

56 
1.65 

50 
0.90 

VII 

57 
2.07 

58 
4.60 

70 
2.06 

73 
1.31 

VIII 

64 
2.32 

69 
5.47 

79 
2.33 

73 
1.31 

47 70 72 
9.87 14.70 15.11 

IX 

62 
2.25 

63 
4.99 

68 
2.01 

72 
1 .29 

X 

53 
1.92 

57 
4.52 

67 
1.98 

64 
1.15 

XI 

55 
1.99 

64 
5.07 

64 
1.89 

58 
1.04 

66 64 61 
13.86 13.44 12.81 

XII 

48 
1.74 

57 
4.52 

56 
1.65 

58 
1.04 

60 
12.60 

58 45 38 46 46 53 75 81 65 65 53 55 
1.17 0.91 0.76 0.93 0.93 1.07 1.51 1.63 1.31 1.31 1.17 1.11 

57 43 34 41 39 51 79 78 73 69 63 57 
1.27 0.96 0.76 0.91 0.87 1.14 1.76 1.74 1.63 1.54 1.40 1.27 

55 41 33 38 38 48 67 72 66 62 61 58 
22.84 17.03 13.70 15.78 15.78 19.93 27.86 29.90 27.41 25.75 25.33 24.09 

Year 

554 
20.09 

598 
47.40 

677 
19.97 

653 
11.71 

655 
137.54 

685 
13.81 

684 
15.25 

639 
265.36 

I 
~ 

I 



MAIN TABLE 6. PRECIPITATION ON THE BALTIC SEA AND ITS SEVEN SUBBASINS. 

Region 

1 

2 

3 

4 

5 

6 

7 

1-7 

mn3 
km 

20-year averages for the period 1951-70. Data from Bengt Dahlstrom (Sweden) 

I 

41 
1.49 

47 
3.73 

43 
1.27 

41 
0.73 

51 
10.71 

II 

35 
1. 27 

40 
3. 17 

33 
0.97 

31 
0.56 

40 
8.40 

III 

33 
1.20 

30 
2.38 

28 
0.83 

25 
0.45 

31 
6.51 

IV 

29 
1.05 

33 
2.62 

35 
1.03 

34 
0.61 

39 
8. 19 

v 

34 
1. 23 

34 
2.69 

40 
1.18 

40 
0.72 

43 
9.03 

VI 

37 
1.34 

37 
2.93 

40 
1.18 

VII 

48 
1. 74 

52 
4.12 

66 
1.95 

VIII 

66 
1.39 

68 
5.39 

71 
2.09 

IX 

57 
2.07 

56 
4.44 

66 
1.95 

X 

48 
1. 74 

54 
4.28 

64 
1.89 

XI 

56 
2.03 

62 
4.91 

57 
1.68 

XII 

51 
1.85 

59 
4.68 

50 
1 .4 7 

41 66 68 73 63 58 50 
0.73 1.18 1.22 1.31 1.13 1.04 0.90 

43 65 73 66 57 62 58 
9.03 13.65 15.32 13.86 11.97 13.02 12.18 

54 44 37 46 50 52 76 82 61 62 68 60 
1.09 0.89 0.74 0.93 1.01 1.05 1.53 1.65 1.23 1.25 1.37 1.21 

57 42 36 46 45 49 72 85 66 74 68 61 
1.27 0.94 0.80 1.03 1.00 1.09 1.60 1.89 1.47 1.65 1.52 1.36 

49 39 31 37 41 42 62 72 63 58 62 57 
20.35 16.20 12.87 15.36 17.03 17.44 25.75 29.90 26.16 24.09 25.75 23.67 

Year 

535 
18.40 

572 
45.34 

593 
17.49 

590 
10.58 

628 
131.87 

692 
13.95 

701 
15.62 

613 
254.57 

MAIN TABLE 7. EVAPORATION FROM THE BALTIC SEA AND ITS SEVEN SUBBASINS 

Region 

1 

2 

3 

4 

5 

1-5 

6 

7 

1-7 

mn3 
km 

Iml3 
km 

Long-term averages for the period 1862- 1978. Data from Dieter Henning (FRG) 

I II III IV v VI VII VIII 

23.4 2. 7 4.3 4. 7 4.9 20.7 31.2 58.1 
0.848 0.097 0.157 0.170 0.177 0.751 1.13 2.11 

49.9 22.0 15.1 11.8 7.4 17.5 30.8 52.9 
3.96 1.74 1.20 0.939 0.590 1.39 2.44 4.20 

22.1 6. 7 6.2 4.1 6.0 25.9 26.8 56.1 
0.652 0.196 0.182 0.120 0.176 0.765 0.790 1.65 

IX 

73. 1 
2.65 

74.0 
5.86 

63.6 
1.88 

X 

60.6 
2.20 

63.0 
4.99 

57.3 
1.69 

XI 

36.5 
1.32 

49.3 
3.91 

41 .4 
1 .22 

35.8 
0.641 

17. 1 
0.306 

16.6 -0.1 
0.298 -0.002 

13.3 
0.238 

16.1 
0.289 

36.5 45.8 46.8 51.8 80.6 
0.654 0.821 0.838 0.928 1.44 

52.1 
10.95 

37.1 
7.78 

32.0 9. 7 
6.71 2.03 

10.1 
2.13 

16.9 
3.54 

41.1 52.2 86.6 73.8 67.6 
8.62 10.96 1~ 15.50 14.19 

XII 

43.6 
1.58 

66.6 
5.28 

44.5 
1 .31 

78.2 
1.40 

72.1 
15.13 

Year 

363.7 
13.19 

460.4 
36.49 

360.5 
10.63 

438.5 
7.85 

551.2 
115.72 

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 
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 

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 
0.530 0.609 0.293 0.345 0.390 0.848 1.43 1.13 1.78 1.32 1.28 0.930 10.88 

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 
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 

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 
18.40 11.05 9.20 4.12 4.25 8.54 16.45 22.26 3~ 27.84 24.68 26.79 206.83 

I 
~ 

I 
~ 

~ 
w 
I 



MAIN TABLE 8. EVAPORATION FROM THE BALTIC SEA AND ITS SEVEN SUBBASINS 

a) Decade averages for the periods 1948-60 and 1961-70. 
Data from Dieter Henning (FRG) 

Region I II III IV v VI VII VIII IX X XI XII Year 

1 rnrn 48-60 (23.4) 1) (2.7) 1) {4.3) 1) (4.7) 1) (4.9) 1)(20.7) 1) 25.3 
61-70 0 0 0 0 0 -1.1 10.2 

48.3 (73.1) 1) {60.5) 1) (36.5) 1) (43.6) 1) 348.0 
41.7 14.6 23.8 52.2 218.8 360.2 

2 rnrn 48-60 27.2 
61-70 73.6 

3 rnrn 48-60 47.8 
61-70 39.2 

4 rnrn 48-60 57.0 
61-70 55.3 

5 rnrn 48-60 51.4 
61-70 67.1 

1-5 rnm 48-60 43.6 
61-70 59.2 

6 rnrn 48-60 37.2 
61-70 23.5 

7 rnm 48-60 45.5 
61-70 59.2 

1-7 rnrn 48-60 43.3 
61-70 57.4 

17.7 7.6 24.2 
44.3 26.5 19.6 

{6.7) {6.2) 7.6 
8.8 4.0 4.0 

12.5 16.1 -0.9 
27.4 14.0 3.3 

46.1 34.3 16.2 
47.4 33.9 8.0 

31.1 
38. 1 

15.2 
19.6 

19.8 
49.4 

29.7 
37.8 

22.6 
25.7 

27.2 
14.1 

24.3 
28.3 

22.9 
25.3 

15.3 
9.2 

12.4 
6. 1 

22.4 
17.0 

15.5 
9.4 

1) parenthesis = long term average 1862-1978 

18. 1 
15.9 

15.5 
20.9 

16.7 
15.2 

15.6 
7.7 

15.1 
10. 1 

18.8 
9.7 

29.6 
29.5 

16.1 
11 . 1 

11 .5 
7.0 

21.0 
32.3 

16.6 
27.9 

14.5 
12.8 

15.1 
12.5 

23.6 
15.7 

36.4 
68.2 

37.4 
18.0 

39.3 
45.7 

34.2 
36.3 

51 . 6 36. 1 
28.2 54.6 

39.7 119.2 
44.0 50.4 

18.2 
14.9 

38.9 
37.9 

62.4 
26.3 

47.6 
86.4 

45.2 
91 . 1 

43.7 
55.4 

48.5 
52.0 

62.5 
39.9 

87.3 
85.3 

44.6 
65.7 

72.5 
61.3 

70.3 
54.3 

52.8 84.6 
42.9 69.1 

34.9 127.0 
66.0 68.8 

48.0 
52.3 

74.0 
55.8 

64.7 
16.2 

66.5 
68.5 

51.1 
83.2 

61.2 
79.2 

61 .8 
59.7 

63.6 
55.6 

69.7 
93.1 

62.3 
61.3 

91.8 48.4 
50.1 78.9 

99.3 24.9 
49.6 48.1 

63.9 53.9 
82.5 101.2 

74.0 51.3 
68.1 71.6 

75.7 
62.0 

61.4 
55.2 

49.2 
76.4 

73.6 
62.4 

48.0 
87.0 

51.9 
47.5 

47.7 
66.7 

48. 1 
84.0 

MAIN TABLE 8. b) 20-year averages for the period 1948-70. Data from Dieter Henning {FRG) · 

Region 

1 

2 

3 

4 

5 

1-5 

6 

7 

krn3 

. 3 

.l<::ITt 

I 

0.42 

3.99 

1.28 

1.01 

II 

0.05 

2.46 

0.23 

0.36 

., " -
"!' ·-- -: •. 

III IV v 

0.08 0.08 0.09 

1.35 1.74 1.35 

0. 15 0. 17 0.54 

0.21 -o.os 

-:- c=--... "'"':: .• ./ 

5.67 

VI VII 

0.36 0.64 

0.73 1.56 

o. 79 

0.92 1.89 

6.88 16.0 

VIII 

1.63 

3.52 

c:_ -o­
-,_/ ~ ./Q 

1.12 

20.9 

IX X XI XII 

1. 59 1 .53 

~ :;::_.:;:: 
,;,.. ~ ----·· 

22.6 25.6 25.2 

1.55 1 .20 1.17 1.00 

2.18 1.81 1.40 1. 28 

27.0 25.6 28.2 27.5 

459.6 
413.9 

466.7 
515.3 

413.8 
584.6 

520.2 
558.1 

481.2 
506.1 

512.9 
426.3 

629.0 
648.7 

490.7 
509.9 

Year 

183.9 

9.45 

14.2 



MAIN TABLE 9. SEA VOLUME CHANGES OF THE BALTIC SEA AND FIVE OF ITS SUBBASINS 

Region 

1 . Bothnian 3 Bay km 

2. Bothnian 3 Sea km 

3. 

20-year averages for the period 1951-70. Table compiled by Zdzislaw Mikulski 
(Poland) from data by N.N. Lazarenko (USSR). 

I II III IV v VI VII VIII IX X XI XII 

-3,24 -3.275 -2.675 -0.265 -0.235 3.42 4.10 -1 . 19 1 .285 1 . 21 -0.69 1 .865 

-5.57 -7.70 -6.19 1.425 0.290 5.10 10.12 -1.365 1.90 0.595 -1.60 4,105 

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 

4. Gulf of 3 Riga km -1.065 -1.785 -1.195 0-195 0.285 1 .095 2-66 -0-34 0-765 -0.19 -0.995 0-815 

5. Baltic 3 Proper km -10.21 -12-81 -18-07 3.65 1 ·615 8·81 26-75 -2·32 4·72 0-72 -6-73 7-36 

I- XII 

0.31 

1 . 73 

0,42 

0.24 

2.04 

Baltic Sea 

1 - 5 -21-90 -28-06 -29-065 4-855 2-33 20.6 47-77 -5-82 9-975 0-955 -11-72 15-765 4-74 
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MAIN TABLE 11 • WATER BALANCE OF THE BALTIC SEA AND FIVE OF ITS SUBBASINS 

20-year averages for the period 1951-70. Tables compiled by Zdzislaw Mikulski 
(Poland) based on data from all element coordinators. 

I 
Hain Table 11 • a: Subbasin 1. Bothnian Bay (A = 36 260 km2 ) 

Ele1Tl2Ilts of water 

I bala'l.ce /km3 I I II III IV v VI VII VIII IX X XI XII I -XII 

Precipitation /P/ 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 

Evaporation /E/ 0.42 0.05 o. 08 o. 08 o. 09 o. 36 0-64 1- 63 1. 59 1- 53 1- 61 4-76 12-80 

River inflow /L/ 3. 54 2. 90 2. 94 4. 71 23.08 16. 01 9-34 8-14 8-56 8-05 6-66 4-35 98-29 "' co 
I 

Net freshwater 
input 
Q =P-E+L 

0 
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 /h. VI -3. 24 -3.28 -2.68 -0.26 -0.24 3.42 4. 10 -1. 19 1. 28 1. 21 -0.69 1.86 0.31 

Net outflow 

Q -6.V=H-H 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 
0 

Main Table 11.b: Subbasin 2. Bothnian Sea (A= 79 257 km2 ) 

Elerrents of water 
balance /km3 / I II III IV v VI VII VIII IX 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 

E.vaporation ;_E/ 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 I 
~ 

input "' "' Q =P-E+L 4-59 4.89 5.48 6-27 13-32 19-23 13-95 11 -89 7-99 7-70 5-34 5-07 105.74 I 
0 

Storage 
difference I 6. VI -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 -.6-V=H-H 10.16 11.96 
0 

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 
balance /km3/ I 

Precipitation IPI 5.22 

Evaporation /E/ 4.41 

River inflow /LI 8.39 

Net freshwater 
input 
Q =P-E+L 9.20 

0 

Storage 
difference I!:;; VI -8.81 

Net outflow 

Q -f:;;V=H-M 
0 

18. 01 

Elements of water 
balance jkm3/ I 

Precipitation /PI 1. 27 

Evaporation /E/ 1. 28 

River inflow /L/ 6.88 

Net freshwater 
input 
Q =P-E+L 

0 
6. 87 

Storage 
difference ILN/ -1.82 

Net outflow 

Q -~V=H-M 
0 8-69 

Main Table 11c: Subbasins 1-2. Gulf of Bothnia (A= 115 517 km2 ) 

II III IV v VI VII VIII IX X XI XII I- XII 

4.44 3.58 3.67 3.92 4.27 5.86 6. 78 6.51 6.02 6.94 6.53 63.74 

2.51 1.43 1.82 1.44 1. 29 2.17 5.15 5.65 4. 74 7.23 9.80 47.40 

7.08 7.39 10.10 35.06 33.04 20.70 18. 16 16. 17 14.68 12.71 9. 78 193.29 

-...) 

0 
I 

9.01 9.54 11.95 37.54 36.02 24.39 19.79 17.03 15.96 12.42 6.51 209.63 

-10.38 -3.87 1.16 0.05 8.52 14.22 -2.55 3. 18 1.81 -2.29 5.96 2_04 

19.39 18.41 10.79 37.49 27.50 10. 17 22.34 13.85 14. 15 14.71 0_55 207.59 

Main Table 11 • d: Subbasin 3 . Gulf of Finland ,(A = 29 498 km2 J 

II III IV v VI VII VIII IX X XI XII I- XII 

0.97 0.83 1. 03 1. 18 1. 18 1. 95 2.09 1. 95 1. 89 1. 68 1.47 17.49 

0.23 0.15 0. 17 0.54 0.79 1 .54 1.98 2.55 1. 99 2.20 1.08 14.50 

6.29 7.60 9. 73 12.28 11 .58 11 .40 10.76 10 .04 10 .18 9.26 7.52 113 .52 

I 
~ 

-.J 

7. 03 8.28 10. 59 12. 92 11.97 11.81 10.87 9.44 10.08 8.74 7.91 116.51 

-3. 12 -1.86 -0. 15 0.38 2. 18 4. 14 -0.61 1. 30 0.06 -1.71 1.62 0.42 

I 10-15 10-14 10-74 12.54 9. 79 7.67 11.48 8.14 10.02 10.45 6.29 116.09 

I t ~1 [0:4 
t§§ 

~11 
tZ~ 
iW'' 



Main Table 11.e: Subbasin 4. Gulf of Riga (A= 17 913 km2 ) 

Elerrents of water 
balance ;km3 I I II III IV v VI VII VIII IX X XII I - li:II 

Precipitatirn IPI 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 

Evaporation /EI 1. 01 0.36 0.27 -0.05 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 8.94 5.56 1. 76 1 . 14 1 . 01 1.20 1. 73 1.86 1 .62 29.00 

I 

Net freshwater 
~ 

" input N 
I 

Q =P-E+L 1. 01 1. 23 ~.04 9.60 5.99 2.09 1.82 1 . 01 1.52 1 .66 1 .59 1.13 30.69 
0 

Storage 
difference /f:::. v / -1.06 -1.78 -1.19 0. 19 0. 28 1. 10 2.66 -0.34 0.76 -0.19 -0.99 0.82 0.24 

Net outflow 

Q - 1:,. V=H-M 
0 

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 

Main Table 11. f: Subbasin 5. Baltic proper (A = 209 '930 km 2 ) 

Elerrents of water 
balance /km3 I I II III IV v VI VII VIII IX X XII I - li:II 

Precipitation /PI 10.71 8.40 6. 51 8. 19 9.03 9.03 13.65 15.32 13.86 11.97 13.02 12.18 131.87 

Evaporation /E! 12.40 9.81 7.16 2.45 2.45 2.87 8.92 10.40 14 .00 14.70 14 .90 12.90 113 .oo 

River inflow /L/ 7.18 7.66 11 .82 17.17 11 .46 7.50 5.90 5.97 5.16 5.67 6 .91 7.95 100.34 

" Net freshwater w 
I 

input 
Q =P-E+L 

0 
5.49 6.25 11 .17 22-89 18 -04 13-66 10-63 10 ·89 5.02 2.94 5.03 7.23 119.21 

Storage 
difference /LV/ -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 

Q -l::,.V=l:i-I-1 
0 

15.71 19.06 29.24 19.24 16 .42 4.85 -16.12 13 .21 0.30 2.22 11 .76 -0.13 117.17 
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BALTIC SEA ENVIRONMENT PROCEEDINGS 

No. 

No. 2 

No . 3 

No. 4 

JOINT ACTIVITIES OF THE BALTIC SEA STATES WITHIN '1'111 
FRAMEWORK OF THE CONVENTION ON THE PROTECTION OF 111111 
MARINE ENVIRONMENT OF THE BALTIC SEA AREA 1974-1 97 8 
(1979)* 

REPORT OF THE INTERIM COMMISSION ( IC) TO THE BAL'l' t t 
MARINE ENVIRONMENT PROTECTION COMMISSION 
(1981) 

ACTIVITIES OF THE COMMrSSION 1980 
- Report on the activities of t he Baltic Marine Env j 

ronment Protection Commission during 1980 
- HELCOM Recommendations passed during 1980 
(198 1 ) 

BALTIC MARINE ENVIRONMENT BIBLIOGRAPHY 1970-1979 
(1981) 

No. SA ASSESSMENT OF THE EFFECTS OF POLLUTION ON THE NAT URAJ, 
RESOURCES OF THE BALTIC SEA , 1980 
PART A- 1: OVERALL CONCLUSIONS 
(1981) 

No . SB ASSESSMENT OF THE EFFECTS OF POLLUTION ON THE NATURAL 
RESOURCES OF THE BALTIC SEA, 1980 

No. 6 

No . 7 

No. 8 

No . 9 

PART A-1: OVERALL CONCLUSIONS 
PART A-2 : SUMMARY OF RESULTS 
PART B: SCIENTIFIC MATERIAL 
( 1981) 

WORKSHOP ON THE ANALYS I S OF HYDROCARBONS IN SEAWATER 
I nstitut f ur Meereskunde an der Universitat Kiel, 
Department of Marine Chemistry, March 23-April 3, 198 1 
( 1982) 

ACTIVITIES OF THE COMMISSION 1981 
- Report of the activities of the Balt i c Marine Env i­

ronment Protection Commission during 1981 including 
the Third Meeti ng of the Commission held in Helsinki 
16-19 February 1982 

- HELCOM Recommendations passed during 1981 and 1982 
( 1982) 

ACTIVITIES OF THE COMMISSION 1982 
- Report of the activities of t he Baltic Marine Envi­

ronment Protection Commission durin3 1982 including 
t he Fourth Meet ing of the Com~ission held in Helsinki 
1-3 February 1983 

- HELCOM Recommendat i ons passed during 1982 and 1983 
( 1983) 

SECOND BIOLOGICAL INTERCALIBRATION WORKSHOP 
Marine Pollution Laboratory and Marine Di vision of the 
National Agency . of Environmental Protect ion , Denma r k, 
Augus t 17- 20, 1982 , R0nne , Denmark 
(1983) 

* out of print 



No. 10 

No. 11 

No. 12 

No. 13 

No. 14 

No. 15 

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. Hamalainen 
( 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 
(198 5) 
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