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Abstract

The effect of variations in river runoff on abiotic environmental conditions in the deep water of semi-enclosed
stratified sea areas in humid climatic zones in temperate latitudes was investigated using the Baltic Sea as an
example. Runoff has an indirect effect on deep water conditions, where it acts through two mechanisms. First, in the
shallow transition area, the inflowing highly saline water is transformed by mixing with the outflowing low saline
Baltic water diluted by runoff. The transformed water which crosses the sills penetrates into the central basins,
thereby additionally mixing with the ambient water along its path. Second, is the impact of runoff variations on
the occurrence of major inflow events. Variations in the annual runoff might contribute to the strength of inflows.
Reduced runoff increases the probability of inflow events. Since the mid-seventies, the frequency and intensity
of major Baltic inflows has changed, only a few major events having occurred since then. Drastic changes in
environmental conditions in the central Baltic deep water can be explained by increased zonal circulation linked
with more intensive precipitation in the Baltic region and increased river runoff into the Baltic. There are signs that
anthropogenic changes in runoff due to river regulation may be causing changes in the frequency of major inflows.

Introduction — evaporation [184 ki) is dominated by runoff be-
cause precipitation and evaporation are relatively well
The water exchange between the ocean and landlockedbalanced. The annual runoff is about 2% of the Baltic
basins and seas in temperate latitudes is governedSea volume and would raise the Baltic sea level by
by topographic, meteorological and oceanographic about 1.1 m per year if the Baltic entrances were
factors. Where the water exchange is restricted by blocked.
narrow channels and shallow sills, regular inflows of The water body of the central Baltic is permanently
saline water make such sea areas brackish and lead tctratified, consisting of an upper layer of brackish
vertical haline stratification. water with salinities of 6-8 PSU and a more saline
The Baltic Sea is such a semi-enclosed sea. Its nar-deep water layer of 10-14 PSU. A strong halocline
row, shallow transition area consisting of the Kattegat and thermocline at depths between 60 and 80 m pre-
and Belt Sea greatly restricts the water exchange with vents vertical circulation and, consequently, ventila-
the North Sea, giving the water in the Baltic Sea a tion down to the bottom all year round. During spring,
residence time of 25-35 years. a thermocline develops at 25-30 m depth restricting
The Baltic Sea (Figure 1) has a drainage area, additionally vertical exchange within the upper layer
which is four times larger (Figure 1A; heavy line). until late autumn. The horizontal deep water circula-
Like other landlocked seas in humid climatic regions, tion is restricted by submarine sills, separating a series
the Baltic Sea has a positive water balance. Its mean of subbasins.
annual fresh water surplus of 481 &ras nearly the The specific hydrographic—chemical conditions
same volume as the annual inflow of saline water from and the evolutional history of the Baltic Sea have given
the North Sea (Helcom, 1986). The fresh water bal- rise to a quite unusual aquatic biota consisting of rel-
ance (river runoff [428 kr# + precipitation [237 krf] atively few marine and fresh water species. Due to the
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Figure 1. The Baltic Sea, its drainage area and the location of measurement stations. (Figures correspond to the Baltic Sea excluding Kattegat
and Belt Sea). Arrows: mean annual contribution of river runoff to the Baltic Sea subbasins according to Bergstrom & Carlsson (1994).



long residence time and the ecological conditions, the
Baltic Sea is very sensitive to any change in its en-
vironment. Variations in river runoff may trigger such
changes.

Effects on abiotic environmental conditions in the
Baltic Sea can be caused by variations in river runoff
in two ways: In the surface water, they have a direct
effect by lowering the salinity and mixing down to
the thermocline (25—-30 m) during summer and to the
permanent halocline (60-80 m) during winter (cf. also
Samuelsson, 1996).

The impact of runoff on the deep water conditions,
however, can only be an indirect one. The deep wa-
ter is influenced by inflows of saline water from the
Kattegat and North Sea. The very frequent but small
inflows (10—20 krd) have little impact on the deep and
bottom waters because their water will be incorpor-
ated in or flow just beneath the permanent halocline.
Episodic inflows of larger volumes (100-250 &m
of highly saline (17-25 PSU) and oxygenated wa-
ter — termed major Baltic inflows (MBI) — represent
the only mechanism by which the central Baltic deep
water is renewed to a significant degree, and their
incidence may be influenced by runoff. The water en-
tering the sea during MBI is dense enough to replace
the deep and bottom waters.

The impact of river runoff variations on the deep
water of the central Baltic Sea is reviewed here by in-
vestigating the interaction between major inflows and
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several years. The consequences are decreasing salin-
ity and oxygen depletion due to remineralization of or-
ganic material that has settled from the surface layers.
This can completely consume the dissolved oxygen,
thereby creating anoxic conditions and leading to the
formation of considerable concentrations of hydrogen
sulphide. The lack of oxygen leads to impoverishment
and finally to the disappearance of the benthic com-
munity. Only major inflows are able to displace the
stagnant (anoxic) deep water and significantly improve
the living conditions.

A total of 96 major inflows has been identified
during the past 100 years, the two world wars ex-
cluded (Figure 2). The amount of sait17 PSU) in
kg penetrating into the Baltic Sea across the Darss and
Drogden Sills divided by 18 was used as indicator
of the intensity of major events (cf. Fischer and Mat-
thaus, 1996). All inflows have occurred between the
end of August and the end of April. Therefore, we
call the period from the middle of one year to the
middle of the next thenflow season The seasonal
frequency distribution of major inflows (Figure 2, top
right corner) shows that such events are most frequent
between October and February (90%) and less com-
mon in August/September and in March/April. Major
inflow events have never been recorded between May
and mid-August.

Major inflows usually occur in clusters (17 cases;
black boxes on the time axis in Figure 2), but some

runoff. The data sets used cover the period 1899-1993have been isolated events (six cases). A cluster com-
and refer to the Baltic Sea itself (major inflows, salin- prises all inflows separated by intervals of less than
ity, oxygen, sea level), the drainage area (river runoff, one year. Most clusters had a duration of several years,
precipitation) and the North Atlantic and Europe (sea the longest being recorded from 1948 to 1952 (12
level pressure). The basic data sets are time seriesevents). Before the late seventies, the longest period
for major Baltic inflows during the present century without an inflow event was three years (1927/1930;
(Franck et al., 1987; Matthaus & Franck, 1992) and 1956/1959). Between February 1983 and January
for river runoff to the Baltic Sea inside the entrance 1993, however, 10 years passed without a major event.
sills (Mikulski, 1982; Bergstrom & Carlsson, 1994). During the first three quarters of the present cen-
tury, major inflows were observed more or less reg-
ularly (Figure 2). Since the mid-seventies, their fre-
guency and intensity changed, and only a few major
events have occurred since then. Environmental condi-
tions in the central Baltic deep water changed drastic-
ally during this period which culminated in the most

Variations in abiotic environmental conditions in
the Baltic deep water

Variations in environmental conditions in the deep
water of the Baltic Sea are strongly influenced by in- significant and serious stagnation period ever observed
flows of saline and oxygenated water from the North in the Baltic Sea (Nehring & Matthaus, 1991; Franck
Sea. Because such inflows are restricted by narrow& Matthaus, 1992). Moreover, the major inflow in
channels and shallow sills (Darss Sill: 0.8 %keross ~ January 1993 (Hakansson et al., 1993; Jakobsen,
section, 18 m sill depth; Drogden Sill: 0.1 Broross ~ 1995; Matthaus & Lass, 1995) was only an isolated
section, 7 m sill depth; see Figure 1B), the deep water €vent, and since 1995 conditions in the central Baltic
in the central basins tends to stagnate for periods of deep water have again stagnated (Nehring et al., 1995).



Intensity

60
40

— o™

- 250 g

= B s

20 g- » c

: 0 2

-------- 2 -

O [v4

0 TTTTTT 150

1880 1900 1920 1940 1960 1980 2000

Figure 2. Major Baltic inflows (MBI) during the present century and their seasonal distribution (upper right) shown in terms of their strength
(Matthaus & Franck, 1992; Fischer & Matthaus, 1996; updated) and low-pass filtered annual river runoff to the Baltic (inside the entrance sills)
averaged from September to March (shaded). Black boxes on the time axis: MBI arranged in clusters.

Long-term variations in salinity in the central ever, the absence of advective inflows of saline and
Baltic deep water show a rapid increase following oxygen-rich water linked with the eutrophication of
major inflows and a subsequent decrease during thethe Baltic surface water led to a decrease in the oxygen
stagnation period. This pattern was observed more concentrations and to a drastic increase in hydrogen
or less regularly during the present century until the sulphide in the Gotland and Faré Deeps, resulting
1970s. Since the mid-seventies, however, there hasin the highest HS concentrations ever measured in
been a drastic decrease in salinity to such an extentthe Baltic Sea (Figure 3, panel G, F). In the west-
that it has never been previously recorded (cf. Fig- ern Gotland Basin, however, the decreasing salinity
ure 6). This reduction in salinity correlates with the and stability of the water column caused the oxygen
absence of major inflows (cf. Figure 2). The major concentration to increase (Figure 3, panel L, K).
event in January 1993 and smaller inflows during the There can be no doubt that both the lack of ma-
1993 to 1994 winter season terminated the stagnationjor inflows and man-made nutrient inputs were jointly
period and resulted in a slight improvement, but sa- responsible for the oxygen depletion and the increase
linities in the central Baltic deep water still failed to in hydrogen sulphide in the eastern Gotland Basin. It
reach values comparable to those recorded prior to theis not possible, however, to state how much of this
mid-seventies. variation can be ascribed to which cause.

Variations in the oxygen regime of the central
Baltic deep water can be attributed only partly to the
lack of major inflows. They are partly anthropogenic, Impact of river runoff on the Baltic deep water
being caused by inputs of inorganic nutrients from
land-borne sources via river runoff and from atmo- The dynamics in the transition area strongly affect the
spheric fallout via precipitation (Nehring & Matthaus, central Baltic deep water. The basic factors influencing
1991; Matth&us, 1995; Helcom, 1996). the water body in the Belt Sea are known from field in-

Figure 3 shows the variations in oxygen and hy- vestigations (e.g. Wyrtki, 1953, 1954; Jacobsen, 1980;
drogen sulphide concentrations (the latter expressedlass et al., 1987) and model computations (e.g. Sti-
as negative oxygen equivalents) from 1974 to 1996 at gebrandt, 1983; Lass, 1988; Sayin & Krauss, 1996;
four stations located in the central Baltic (cf. Figure 1). Gustafsson, 1998). Multiple regression analysis has
Until the mid-seventies, a decrease in oxygen concen- identified the sea level pressure field over the Baltic re-
tration was observed in the central Baltic deep water. gion and the wind field over the transition area in close
After the last effective inflow in 1975-1976, how- connection with precipitation in the drainage area and
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Figure 3. Variations in oxygen#0) and hydrogen sulphide concentratior®( shaded) in the deep water of Landsort (L; 400 m depth), Karlso
(K; 100 m), Faro (F; 150 m) and Gotland Deeps (G; 200 m) between 1974 and 1996 (for location of stations see Figure 1).

river runoff into the Baltic as the main variables influ- area. The entrainment of low saline outflowing water
encing salinity at the Darss Sill (Schinke & Matthdus, into the inflowing highly saline water is the predomin-
1998). ant mixing process in the shallow area and presents a
The well-documented runoff from the drainage feedback mechanism for variations in runoff. Kduts &
area accounts for the main part of the annual fresh wa- Omstedt (1993) calculated that this entrainment adds
ter surplus of the Baltic. How strong is the contribution even 79% to the deep water inflow in the Belt Sea and
of river runoff to the deep water conditions? the Sound and still 53% in the Arkona Basin. The im-
The runoff can influence the deep water in two pact of runoff variations on the salinity conditions in
ways. On average, there is an outflow of low saline wa- the transition area can also be shown by model sim-
ter diluted by runoff in the surface layer and an inflow ulations (Lehmann, 1998). Kullenberg (1977) showed
of higher saline water in the deep layer of the transition that the mixing in the Belt Sea has a considerable influ-
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ence on salinity and oxygen conditions in the central for the southern part but this part contributes only 1/3
Baltic deep water and is decisive for the depth to which of the total runoff.
the inflowing water can penetrate. Propagating from Rough estimations of mean precipitation, runoff
the sills into the central Baltic, the water is further di- and evaporation values for the drainage area averaged
luted along its path by the entrainment of surrounding over all inflow seasons from 1922/1923 to 1987/1988
less saline water, and is finally incorporated in or just show that mean annual precipitation, on average, is
beneath the halocline. 49 kn? higher during inflow seasons without MBI
During major Baltic inflows, the water body in the than in seasons with MBI. Our estimations show that
shallow transition area is transformed by strong mix- about 1/3 of the additional runoff (71 Knduring
ing of the inflowing highly saline water masses with seasons without MBI is due to increased precipitation
the outflowing low saline Baltic water. Owing to its and about 2/3 to reduced evaporation (cf. Schinke &
higher density, the transformed water moves more rap- Matthaus, 1998). It should be noted, however, that
idly into the central basins and descends into those our considerations are based on the equation precip-
layers between the permanent halocline and bottom itation = runoff + evaporation, i.e. no other processes
that have a similar density. The mean distribution of were considered. Furthermore, we assume that there
the inflowing water entering the different layers of no changes occurred in the amount of stored water.
the central Baltic has been calculated by Stigebrandt  During seasons without MBI, runoff and, con-
(1987) by mathematical models. sequently, net outflow is higher by a factor 1.2 to 1.3
The other way is that runoff variations directly between September and March than in seasons with
affect the frequency and intensity of major infow MBI. Thereis no doubtthat this increase in net outflow
events. Reduced runoff seems to encourage inflow and, consequently, in mean outflow speed modifies the
events by both helping to reduce the Baltic sea level hydrographic conditions in the transition area.
and intensifying the deep current into the Baltic. On average, the higher atmospheric cyclonic activ-
ity from summer to autumn in seasons without MBI
(cf. Figure 4A) leads to salinity decrease in the inflow-
Impact of runoff variations on the occurrence of ing bottom water and hampers outflow from the Baltic.
major Baltic inflows (MBI) For this reason, the Baltic sea level between August
and December is higher during seasons without MBI
Variations in river runoff can be caused by variations (Figure 4B) owing to the higher runoff and, partly,
in atmospheric processes (precipitation, evaporation), the lower air pressure. Both the sea level and the
changes in the cryosphere (variations in the amount sea level difference between seasons with and without
of accumulated snow and ice), variations in biological MBI start, on average, to sink from December on-
processes (growth of plants) and human activity (river ward. However, the general higher river runoff during
regulation, ground sealing, agriculture and forestry). seasons without MBI (cf. Figure 4D) causes stronger
Runoff variations seem to play a more important role outflow and counteracts major inflows.
in salt transport into the Baltic than hitherto sup- A comparison of the rankings of river runoff (in
posed, especially with regard to the occurrence or ascending order) with the number of major events per
absence of major inflows. Model calculations by Gust- season confirms the close link between river runoff
afsson (1998) have already indicated that a decreasec®nd the occurrence of MBI. Eight of the strongest
freshwater supply to the Baltic seems to result in a Major events during the period 1921/1922-1992/1993
substantial increase in the magnitude of major inflows. occurred during the 15 seasons with the lowest runoff
Comparison of inflow seasons with and without (cf. also Schinke & Matthaus, 1998).
major Baltic inflows (MBI) has enabled us to identify The annual runoff distribution has changed in the
significant differences between the kind of seasons course of the present century due to river regula-
(Figure 4). Our investigations show that river runoffis tions (Ehlin & Zachrisson, 1974; Hupfer et al., 1983;
higher for nearly the whole inflow season without MBI  Bergstrom & Carlsson, 1994; Carlsson & Sanner,
and that the difference is highly significant for most 1994). The annual freshwater outflow from the Baltic
months (Figure 4D). Precipitation in the northern part across the sills seems to be out of phase with the
of the drainage area also shows distinct differences but mean annual variations in its supply to the Baltic Sea
significant only in August, October and — not relevant (Rydberg, 1987; Gustafsson, 1998).
to MBI — April (Figure 4C). Similar results are valid
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As to runoff redistribution, mean runoff is not af-  vestigations have shown that major inflows are caused
fected by river regulation in September and October, mainly by relatively long-lasting strong westwinds
but gives rise to unfavourable conditions for the oc- between the central North Atlantic and eastern Europe
currence of MBI between November and April due with only small fluctuations in wind direction over the
to increased runoff. Therefore, runoff redistribution transition area (Matthdus & Schinke, 1994). A preced-
must be regarded as a possible cause for the absencéng easterly wind period mainly due to high pressure
of MBI. over Scandinavia causing below-normal Baltic sea

level is a characteristic phenomenon of major inflows
Decrease in frequency and intensity of major Baltic ~ (Lass & Matthaus, 1996). From this it may be assumed
inflows that a weakening of the zonal circulation during winter
caused the lower frequencies and intensities of major
The causes for the decrease in frequency and intens-events observed since the mid-seventies.
ity of major events and the complete lack of MBI in Long-term variations in the eastward component
the 1980s (cf. Figure 2) are discussed differently. In- of the geostrophic wind and in the Baltic sea level,
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one MBI was recorded during the 16 seasons with
the highest river runoff, and that was a moderate
one. This range includes seven seasons of the period
1980/81-1992/93.

The occurrence of MBI in clusters (cf. Figure 2)
is a further hint that runoff (which is characterized
by relatively low variability compared with synoptic
processes) plays an important role in this process.

The decade 1981/1990 was the wettest period since
oo 1920 (Bergstrém & Carlsson, 1994). Runoff was at a
1300 1910 1920 1930 1940 1950 1960 1370 1980 1990 similar level during the decade 1921/1930 and above-

Year normal runoff was also observed between the mid-
Figure 56‘}?”#13'S”V?f;*£‘0r“t‘0 meng'tiﬁ (i“SidI?n thelemrancefﬁit”sr) g fifties and the sixties (cf. Figure 5). The wet period
3;ﬁjr:3ising cut—gf? Serioed 0?6 )?egrs)(. Ig?ll\gi Icil?c-leg\:lvszzzznls svi?h 1980 to mld-_1990$ could be ?hown m_ precipitation
MBI; open circles: seasons without MBI. and evaporation rates, too, estimated directly over the

Baltic Sea (Omstedt et al., 1997; Isemer & Lindau,

however, have shown a mean increasing trend since1998). These periods correlated with periods of low
the early 1970s, whereas the sea level pressure hadrequency or absence of MBI (cf. Figure 2).
slightly decreased (cf. Schinke, 1996). Compared with ~ Bergstrom & Carlsson (1994) found that the in-
the total period, the Baltic sea level has mainly been crease in runoff during the 1980s was mainly due to in-
distinctly above-normal during the last decade show- creasing runoff from September to May. The increase
ing extreme high monthly means in 1989 and 1990 (cf. in winter runoff (December—February) is common to
Ekman, 1996). This corresponds to a strengthening of all Baltic basins. It is partly an effect of the mainly
the zonal circulation. Obviously, the decrease in major Mild winters since the end of the 1970s but, in the
inflows is a more complex phenomenon. Our results Gulf of Bothnia, also caused by hydroelectric power
suggest that the remarkably high river runoff during Production. Apart from the effect of the redistribution
the last decades could be an essential cause. Figure ®f the runoff caused by river regulation, the increased
shows the variation of river runoff to the Baltic since atmospheric zonal circulation may transport wet air
1921. MBI happen mainly during seasons character- masses from the North Atlantic to Europe more fre-
ized by lower runoff. Seasons identified by higher quently, resulting in intensified precipitation, lower
runoff have generally no MBI. River runoff has shown evaporation and increased runoff (cf. also Hupfer et
a characteristic increase since the early seventies. Thisal-, 1983).
is the only variable continuously showing significant ~ Samuelsson (1996) discussed the salinity decrease
differences throughout the whole period from August in the Baltic during the 1980s in terms of runoff, the
to April during inflow seasons without MBI compared ~ €stimated salt water inflow and the estimated mixing
to those with MBI (cf. Figure 4D). Runoff into the  rates. She assumes that the freshwater supply dilutes
Baltic was abnormally high in the 1980s and 1990s, the mixed surface layer and causes a greater outflow
especially that to the Gulfs of Bothnia and Finland, from the Baltic. Inflows of saline water are thereby
which accounts on average for about 63% of the total partly impeded (cf. also Gustafsson, 1998). However,
runoff (Bergstr@m & Carlsson, 1994; see also F|g- there is a phase Iag between the variations in runoff
ure 1). Inflow seasons with higher runoff (Figure 4D) and salinity. Figure 6 shows salinity changes in the
depending on higher precipitation (Figure 4C) correl- central Baltic deep water at four characteristic stations
ate with persistent westerly winds in late summer and (cf. Figure 1) compared with the variation in river run-
autumn (Figure 4A) which results in an above-normal Off to the Baltic Sea. The higher the runoff the lower
Baltic sea level (Figure 4B) by impediment of outflow the salinity, but the salinity variations are delayed by
from the Baltic and reduces the intensity of MBI or about 6 years (cf. also Launiainen & Vihma, 1990).
completely prevents such events.

The available data show that there was at least one
MBI during each of the 29 seasons with the lowest Concluding remarks
river runoff rankings. Not any season from the re-
cent period 1980/81-1992/93 is among them. Only Variations in river runoff seem to play an important
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Figure 6. Long-term variations in river runoff to the Baltic Sea compared with the salinity in the central Baltic deep water (Gotland Deep:
200 m; Faro Deep: 150 m; Landsort Deep: 400 m; Karlso Deep: 100 m; location of stations in Figure 1). The salinity in the Gotland Deep
shows real values. The values at the other stations are changed by +0.8 PSU (Far6 Deep), by +1.8 PSU (Landsort Deep) and by +2.6 PSU
(Karls6 Deep). The time axis for runoff is shifted forward by 6 years.

role in the salt transport into semi-enclosed brackish ~ The runoff regime is the result of complex in-
sea areas like the Baltic Sea. That is true in particular teractions. It is subject to precipitation, evaporation,
for the occurrence and absence of major inflows of changes in water storage, vegetation and land use in
highly saline and oxygenated water which are the only the drainage area and may be affected by human im-
mechanism by which living conditions are improved pacts, at least through changes in the annual runoff

in the deep water below the permanent halocline. cycle due to river regulation.
Runoff variations affect the Baltic deep water by Changes in the exchange process between North
two mechanisms: Sea and Baltic seem to be the main cause for the

1. entrainment and mixing of low saline outflowing decrease in frequency and intensity of MBI since
water in the surface layer into the higher saline the mid-seventies and the complete absence of such
water penetrating into the Baltic in the near-bottom events between February 1983 and January 1993. The
layer of the sill areas. The increased water supply decrease can be explained by increased atmospheric
to the Baltic reduces the salinity of the outflowing zonal circulation which transports wet air masses from
downward mixed water and more strongly dilutes the North Atlantic to Europe more frequently result-
the inflowing higher saline water. ing in intensified precipitation in the Baltic region,

2.influence of runoff variations on the occurrence lower evaporation and increased river runoff, thereby
of major inflows. Reduced runoff favours inflow frequently causing above-normal Baltic sea levels for
events. An increase in water supply to the Baltic larger periods. During the past two decades, the an-
Sea causes a greater outflow through the Danish thropogenic impact on the freshwater cycle by redis-
Straits, reduces or impedes the inflow of saline tribution of runoff due to river regulation is as high

water and gives rise to unfavourable conditions for as never before and thereby gives rise to unfavourable
MBI. conditions for inflows of saline water, and in particular
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for the occurrence of MBI, between November and
April.
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