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Water Management in the Pomeranian Guca i
Rivers Estuary Zone on the Background

of Hydro-meteorological Conditions

Joanna Fac-Beneda, Izabela Chlost, and Alicja Olszewska

Abstract The modern hydrographic system of Pomerania has been inherited from
the postglacial water system. The outflow system, transformed today as a result
of erosion and accumulation of rainwater and snowmelt, overlaps with both this
inherited drainage system and human activities. A key role in forming the water
conditions of the Pomeranian rivers, and especially their estuary sections, is played
by the main (Baltic Sea) and regional (coastal lakes) drainage bases. The temporal
variability of water resources manifested in their seasonal abundance and resulting
from the excessive inflow of allochthonous waters or inhibition in free flow, char-
acteristic for the conditions of the geographical environment of Pomerania, bring
flood risks. In the preliminary flood risk assessment, it was necessary to designate
risk areas, i.e. those where there is a significant risk of flooding or where high risk
is likely to occur. From the point of view of flood prevention, buffer and strategic
investments are of great importance which include the reconstruction of old and
construction of new flood embankments, engineering channels and construction of
flow regulating devices, strengthening of river banks, as well as the construction of
retention reservoirs and development of valley retention. No less important are the
increase of retention through afforestation, counteracting water erosion in lowland
areas, restoration of riverbeds and riverbanks, increasing retention in urban areas.
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16.1 Characteristic of the Pomeranian Catchments

The catchments located between the basins of the Odra and Vistula are referred to
as Pomeranian [1] and cover part of the Coastal region and the South-Baltic Lake
Districts [2] (Fig. 16.1, Table 16.1).

The area includes northern slopes of the Pleistocene moraine plateaus, often in the
form of patches, but above all coastal lowlands, ice-marginal valleys and spit forms.
This results in an extensive geological and hypsometric diversity conditioning the
shaping of water supply areas, and transit and drainage of surface and underground
waters. The end moraine hills are built of glacial tills and sands, and their surfaces
are often cut with subglacial channels and river valleys [4]. Other depressions are
melt-out basins filled with clays and silts or numerous peat-based drains with no
outflow. The landscape has pronounced ice-marginal valley forms, among which the
Reda-t.eba Ice-marginal Valley dominates. The genetic structure of the ice-marginal
valleys is associated with the accumulation of sand-gravel materials, entirely or
partially covered with a complex of organic deposits. The coastal lowlands are flat
areas built of sands, elevated 2-10 m above sea level. From the north, they are
bordered by a range of dunes which separate them from the sea and culminate at
56 m above sea level (Leba Spit). There are large but shallow coastal lakes in the
lowlands. In places where the plateaus reach the sea, the shore shows the cliff nature.
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Fig. 16.1 Location of the research area
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Table 16.1 Selected characteristics of the analysed rivers [3] (changed)

River Gauge station | Distance of the | Catchment Drainage | (A/Ap) - 100
sampling point | area A [km?] | Basin Ay | [%]
from the outlet [km?]

[km]
1 |Rega Trzebiatow 12.9 2628 2724 96.5
2 | Parseta Bardy 25.0 2955 3151 93.8
3 | Grabowa | Grabowo 18.0 439 535 82.1
4 | Wieprza | Stary Krakéw |20.6 1519 1634 93.0
5 | Stupia Charnowo 11.3 1599 1623 98.5
6 | Lupawa Smotdzino 13.3 805 924 87.1
7 |Leba Cecenowo 25.2 1120 1801 62.2
8 | Reda Wejherowo 20.9 395 485 81.4

The estuaries of coastal rivers form various hydrographic systems. Some of them
go directly to the sea or bay (the Rega, Parsgta, Wieprza with the Grabowa, Stupia,
Reda), while others to large coastal lakes (the Lupawa, Leba).

The modern hydrographic system of Pomerania has been inherited from the
postglacial water system [5]. The outflow system, transformed today as a result
of erosion and accumulation of rainwater and snowmelt, overlaps with both this
inherited drainage system and human activities. The river network can be described
as polygenetic. Its diversity is a consequence of a complex deglaciation process,
local morphological, lithological and hydrogeological conditions, climate change,
contemporary vertical movements, and anthropogenic stress. One of the character-
istics of the area is a large share of periodic river network [6]. It mainly concerns
spring watercourses. For example, 25% of watercourses in the L.eba catchment are
of this type [7]. In the characteristics of the Pomeranian catchment, lakes occupy
an essential place (according to Lange 1986 the average lake coverage is 2%). Most
often them are flow lakes, which is the evidence of the young age of the river network
[8]. The share of lakes (lentical) along river courses, i.e., the limnic index for the
Stupia and Lupawa, is about 7% [7]. On the Rega, Parsgta, and Stupia there are large
artificial reservoirs that were created at the beginning of the twentieth century. Their
characteristic feature is a very high water exchange rate, and the water quality in
them directly depends on the quality of river waters. In addition to glacial lakes, in
the mouth sections of the Lupawa and Leba, there are large shallow coastal lakes
(Gardno and Eebsko, respectively). There are small watercourses feeding the lakes,
most often as canals or drainage ditches. The area surrounding the lakes has been
turned into polders. The particular hydrographic attributes of the Pomeranian catch-
ment are natural outflows of groundwater [9—11]. In ice-marginal valleys, which
drain deep groundwater horizons, the surplus water that has already been part of
the underground water cycle is here again included in the surface cycle. A perfect
example can be a fragment of the Reda-ELeba ice-marginal valley near Lgbork. In its
bottom at the foot of the plateau, edge is Lubowidzkie Lake, which owes its existence



308 J. Fac-Beneda et al.

to the occurrence of groundwater outflows. Their yield oscillates from just under 0.1
to about 30 dm? s~! [12]. The outflow waters feed the lake in a significant way and
quadruple the volume of the flow of the Wegorza (the tributary of the Leba) flowing
through Lake Lubowidzkie.

The catchments of the Pomeranian rivers belong to the richest in flowing water
resources in Poland with the relatively stable outflow and high unit outflows [3]. The
underground structure has a significant share (over 70%) of underground outflow
[7, 13]. This value is much above the average for Poland. For the catchment of the
Stupia, the share of underground water supply significantly exceeds the average for
Poland and amounts to about 80%, while the average annual value of unit runoff
exceeds q = 10 dm? s~! km=2 [3]. A high share of underground outflow should
be attributed to good conditions of infiltration in numerous areas lacking outflow,
and a large thickness of well-permeable surface rock layers. High importance is also
attributed to subglacial channels, ice-marginal valleys, and deep-cut river valleys
draining deep groundwater [14]. For the South Baltic Lake Districts, including the
Pomeranian catchment, the hierarchical organisation of outflow is characteristic.
The water cycle here depends more on the zonal factors, and less on local factors.
The main river is the axis of the system; in its lower course, it has allochthonous
character, while the main river’s function consists in draining surplus water coming
from the source catchments. Often also several catchments participate in the process
of discharging water surpluses. It is the case in the Kashubian hydrographic system
(ksh), the Bytéw hydrographic system (bsh), and the Drawsko hydrographic system
(dsh) [15].

16.2 Atmospheric Inflow

The climate of Pomerania exhibits features attributed to mid-latitudes showing
the transitional nature of oceanic and continental influences. What is strongly
pronounced here is the predominance of advection of moist air masses from the
west, as well as instability, expressed in the variability of weather conditions all year
round [16]. However, the range of the Baltic Sea influence and the morphological
contrast between the raised and diversified relief of the lake district and the coastal
plains are of vital importance in shaping the climate conditions of Pomerania. It
is reflected in the distinct climatic regions of this area. It is assumed that the direct
impact of the sea is limited to a 20-30 km wide strip of land [17]. The influence of the
sea determines radiation and aerodynamic, thermal and hygrometric features of the
climate. On the coast, one of the most significant amounts of solar energy in Poland
is recorded, both on a yearly and summer basis (from May to August). It is favoured
by the summer length of the day and relatively small convection-type overcast. The
development of overcast, especially in May and June, is inhibited by the occurrence
of the sea breeze circulation. As a result, in the coastal zone, the average annual real
sunshine duration is 100 h longer (1700 h) than in the watershed zone separating the
northern and southern slopes of Pomerania (1600 h).
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Varied wind conditions are the specificity of the studied area. The wind directions
and their seasonal variability are typical of the Polish Lowlands, which means that
the winds with the component of the western sector (SW, W, and NW) dominate.
However, there are relatively strong winds and a small number of windstill days.
The dichotomy of the region regarding wind speed is marked. The coastal zone (the
Koszaliniskie, Stowiriskie and Kaszubskie Coastlands) has a high number of days with
strong and very strong wind, i.e., >10 and >15 m s~!. Winds of this type appear
mainly in the autumn and winter seasons and constitute over 19% of days a year.
Their share decreases towards the west coast (Kotobrzeg, Swinoujscie) to 12—-15%.
The strongest winds are recorded in Hel, Ustka, and Leba. Inland, in the Pomeranian
Lake District, especially in ice-marginal valleys, there are generally winds of lower
velocity, thus the share of weak winds and wind-stagnant days increases. The inci-
dence of days with winds exceeding the threshold of 10 m s~! decreases to about
3%.

Diversification of the relief and the influence of the Baltic Sea determine the spatial
distribution and fluctuations in the air temperature. The average annual temperature
from the years 1951-2015 is 8.0 °C (Table 16.2) and decreases from SW to NW,
ranging from 8.7 °C in the Szczecin area to 7.7 °C in Leba and Lebork [18]. A clear
drop in temperature is recorded in the Kaszubskie Lake District (7.2 °C). The coldest
month is January (—0.8 °C), while the warmest month is July (17.3 °C). In the coastal
belt, the average annual air temperature ranges are lower than in other parts of the
country [19, 20]. It is because the chilled water masses of the Baltic Sea delay the
arrival of spring and make the summer cooler. In turn, after warming up, they cause
an extension of autumn and a milder course of winter [21]. Thus, the average spring
temperature (March—May) is lower than the average autumn temperature (Sept—Nov)
even by 3—4 °C [22, 23].

Table 16.2 Annual and seasonal mean of air temperature, the coolest and the warmest month
temperature in Pomerania in 1951-2015 [18] (changed)

Station In Year |January |July |Amplitude |Spring |Summer | Autumn | Winter
Swinoujscie | 8.4 —0.1 17.5 | 17.6 7.0 16.7 9.4 0.5
Kotobrzeg 8.1 —-0.3 17.1 |17.4 6.6 16.2 9.1 0.3
Ustka 7.9 -0.3 17.0 |17.3 6.2 16.1 9.2 0.3
Leba 7.7 —-0.7 16.8 | 17.5 6.0 15.9 8.9 —0.1
Hel 8.0 —-0.3 17.3 |17.6 5.9 16.5 9.4 0.3
Szczecin 8.7 —-0.5 18.1 | 18.6 8.1 17.4 9.1 0.2
Resko 8.0 —1.1 174 | 18.5 7.3 16.6 8.4 -04
Koszalin 7.9 —0.8 17.0 | 17.8 6.8 16.2 8.7 —-0.2
Lebork 7.7 —1.0 172 |18.2 6.6 16.3 8.5 —-0.5
Gorzéow Wik | 8.5 —1.2 183 |19.5 8.2 17.6 8.8 —-04
Chojnice 7.2 —-2.5 17.1 | 19.6 6.6 16.9 7.6 —1.8
Mean 8.0 —-0.8 17.3 | 18.1 6.8 16.6 8.8 —-0.2
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Fig.16.2 Average, minimal i maximum precipitation Annual and seasonal mean of air temperature,
the coolest and the warmest month temperature in Pomerania in 1951-2015 [18] (changed)

The water cycle in Pomerania is determined by atmospheric precipitation. Highly
elevated plateaus constitute the main alimentation zone of surface and underground
waters in the Pomeranian Lake District and the coastal region. A feature of the
distribution of atmospheric precipitation is their temporal and spatial differentia-
tion. The average annual precipitation (1951-2010) reaches 633 mm and ranges
from 549 mm in Gorzéw Wielkopolski to 721 mm in Koszalin. The variability of
annual precipitation totals is on average 62—142% of the multiannual totals, and
in individual regions represented by specific weather stations, it is 49—-160%. The
lowest precipitation is recorded in the eastern and western parts of the coastal area
(<640 mm), while the most abundant precipitation is concentrated in the catch-
ments of the Parsgta and Wieprza (>700 mm). Concerning the seasonal distribution,
precipitation is mainly represented by the Pomeranian type [18, 24] characterised by
descending order: summer, autumn, winter, spring. Thus, the maximum precipitation
values are recorded in July or August, while the minima dominate in February, but
they also happen in March and April. Another feature of precipitation is the frequency
of their occurrence, expressed in the number of days with precipitation >0.1 mm. In
the Pomeranian Lake District, as well as in the area of the South Baltic Coastlands,
the incidence of precipitation is significant and exceeds 170 days per year (Fig. 16.2).
Most often, precipitation occurs in the Lupawa and Leba catchments, reaching the
maximum near Lgbork (52%). Precipitation is the least frequent on the SW edge of
the Parseta basin (<176 days).

16.3 Surface Inflow

Against the rivers of Poland, the Pomeranian rivers are rich in water resources. They
present high total outflows and, at the same time, high outflow stability. The dominant
share in the supply of rivers of lake districts constitutes the underground supply,
making over 70% of the total [13]. From this value, 60-70% comes from the base
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Table 16.3 Mean flow, mean specific runoff and outflow index of Pomeranian rivers in 1951-2015
(data base hydrometric monitoring IMGW-PIB)

River Gauge station | Period observation | Mean Avg. Q [m> | Mean Avg. q [dm? | H [mm]
s s~ km?]
Rega Trzebiatow 19512015 20.20 7.64 241
Parsgta | Bardy 19562015 27.39 9.49 299
Wieprza | Stary Krakow | 1951-2015 15.72 10.20 207
Grabowa | Grabowo 19762015 6.46 14.14 446
Stupia Charnowo 1967-2015 17.81 11.15 352
Lupawa | Smotdzino 1951-2015 8.32 10.31 325
Leba Cecenowo 1956-2015 11.72 10.66 336
Reda Wejherowo | 1961-2015 432 10.54 332

outflow [25] creating the most stable form of underground supply from deep aquifers.
The advantage of the underground supply component results from the presence of
favourable infiltration conditions, numerous lakes, endorheic areas, wetlands, as well
as significant areas with high ground retention capabilities. These include subglacial
channels, ice-marginal valleys (the Grabowa Ice-marginal Valley, Leba-Reda Ice-
marginal Valley, Kashubian Ice-marginal Valley) and lowlands (the Gardno-Eeba
Lowland, Karwia Lowland) filled with permanent wetlands. The discharge of the
Pomeranian rivers varies depending on the size of rivers, from 4.32 m® s~! in the
Reda to 27.39 m? s~! in the Parseta (Table 16.3).

The seasonal nature of the outflow is modified by the annual cycle of changes
in the volume and forms of supply (Fig. 16.3). Higher outflow rates occur in the
winter half-year, culminating in March, while the lowest in the summer months.
The minimum values of the coefficient are recorded in August (the Rega, Parseta,
Wieprz, Grabowa Lupawa), in June (the Leba, Reda) or in both mentioned months
they balance (the Stupia). The rivers of the western part of Pomeranian, like the Rega
and Parseta, show much higher variability of the outflow than the rivers of the central
and eastern parts. The scale of volatility in the first case ranges from 70-150%, while
in the second from 80 to 120% [3]. The distribution of the outflow in the annual cycle
qualifies the examined rivers to the hydrological regime of the nival type [25] poorly
(the Wieprza, Grabowa, Stupia, Lupawa, Leba, Reda) or medium-developed (the
Rega, Parseta).

The unit outflow and the runoff layer are measures of the water resources of the
examined rivers. All rivers have a unit outflow higher than the average for Poland
estimated at 5.6 dm® s~! km?. The highest unit outflow is recorded for the Grabowa
and Shupia catchments, respectively 14.14 and 11.15 dm® s~ km? (Table 16.3), while
the lowest in the Rega and Parseta basins (<10 dm? s~ km?).

The remaining rivers have a unit outflow similar to the average outflow value
calculated from the entire analysed area of Pomeranian (10.52 dm? s~! km?). In
the case of the runoff layer, the boundary of the water resources of the examined
rivers’ catchment is determined by the Grabowa River with the highest values of
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Fig. 16.3 Seasonal variability of outflow in 1951-2015

over 400 mm. To the west of it, the values of the measured indicator are lower and
are below 300 mm, with the minimum in the Wieprza catchment (207 mm). In the
basins on the eastern side of the Grabowa, the runoff layer is more significant, levelled
and oscillates in the range of 325-352 mm.
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16.4 Factors of Water Level Variation

A key role in forming the water conditions of the Pomeranian rivers, and especially
their estuary sections, is played by the main (Baltic Sea) and regional (coastal lakes)
drainage bases. The most critical causes of changes in the level of the southern Baltic
waters (Fig. 16.4) include water accumulation and depressions caused by air pressure
changes and wind waves as well as hydrological factors associated with the seasonal
outflow of land waters.

The average long-term level of sea waters changes from 1951-2000 from west to
east in the range from 499 to 502 cm. In the annual cycle, there are elevated water
levels in the autumn and winter as well as in summer. In the first case, they are
generated by frequent migration of low-pressure centres from the North Atlantic to
Europe over the Baltic Sea. They are very dynamic and induce extreme values of sea
levels, both maximum and minimum. According to [26] storm surges can reach up to
2 m, even 3 m, which determines the range of absolute amplitudes (Fig. 16.5) [27]. In
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the case of the summer, elevated sea levels are related to the increase in precipitation
and increase (from the end of runoff of meltwater) inflow to river waters [28]. With
spring (April, May), the dominance of the eastern atmospheric circulation causing
coastal winds is associated with low average sea levels.

Climate change is accompanied by rising sea levels, and its different rate depends
on the location of coastal stations along the Polish coast of the open Baltic Sea [30].
Research indicates that the average annual sea level rise is lower in the western
part of the coast (0.07 cm year™' in Swinoujscie) and increases towards the east
(0.17 cm year™! in Ustka up to 0.23 cm year™! in Wiadystawowo). On a seasonal
basis, the highest increase occurs in winter and spring (especially in February and
March), while in autumn and winter months (September, October, and December)
there are no upward trends.

The coastal lakes (Resko Przymorskie, Jamno, Bukowo, Kopar, Gardno, Lebsko,
Sarbsko), often connected with the sea by engineered sections of rivers (canals),
play a unique role in the potamic outflow of the Pomeranian rivers. In practice, this
means that the lakes form an extension of the main drainage base on the mainland,
constituting a regional base. It is determined by the convergent rhythm of variations
in the level of lakes with sea fluctuations, the strongest correlating in the case of
Lake Eebsko (Fig. 16.6). At the same time, due to the location of lakes in the lower
sections of rivers, they play the role of receivers of water flowing down from entire
river basins, but also — which is not very beneficial — pollution.

Additional pressure on these hydrographic objects is exerted by the polder systems
with enforced water circulation.

Connection of the rivers with the sea both direct and through lakes has its hydro-
logical and hydrochemical repercussions. The observed, long-term changes in the
main drainage base cause an increase in the level of coastal lakes. As aresult, they may
also influence the decrease of potamic and groundwater outflow towards the sea, and
increase the entry of sea waters into the land. Such scenarios are shown by previous
research [21]. During short storm surges, sea waters block the free river runoff or
invade their course and the lakes located in the coastal zone. So far, the maximum
range of intrusions has been noted on the Leba River for the profile in Cecendéw
(20 km from the estuary). In storm situations, there may be a direct flood hazard,
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Fig.16.6 Dependence of water fluctuations of Gardno and Lebsko lakes from the level of the Baltic
Sea [31]
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especially in the areas of coastal lowlands and coastal lakes. It is not uncommon
that, as a result of a storm, the estuary sections of the rivers are wholly or partially
blocked by sea sands, limiting the potamic outflow to the sea. Such situations are
observed at the mouth of the Lupawa or smaller streams of the Karwianka or the
channel connecting Lake Kopan with the sea. In unregulated rivers (the Pia$nica),
the estuary often changes its location.

Intrusions of sea waters result in changes in physical and chemical properties
of the surface and underground waters. The most susceptible to these changes are
the waters of coastal lakes, and the primary indicator of the impact of sea waters
are the values of salinity (chloride). The highest average salinity is observed in lakes
Resko Przymorskie and Lebsko (Fig. 16.7), reaching over 1000 mg-dm?® Cl~, and the
smallest in Lake Sarbsko [32]. The spatial distribution of chlorides shows a decrease
in concentrations as we move away from the channels that provide communication
between the lakes and the sea. There is a possibility of recording almost entirely fresh
water in the reservoir. It applies, among others, to lakes Jamno, Wicko, Gardno, and
Sarbsko.

16.5 Pollution Supply

The high content of nutrients and some other substances in the coastal waters of the
Southern Baltic is mainly due to the rivers carrying pollution load. Delivery of pollu-
tants (primarily nutrients — forms of nitrogen and phosphorus) to the receiver, which
is the Baltic Sea, takes place via rivers, but only a particular part of nutrients from
various sources in the basin get to the rivers and then to the receiver. These differ-
ences are the result of retention and loss of nutrients in waterways [33]. Retention is
understood as temporary retention of biogens within the river valley, and losses as
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irreversible removal from the river system. Nitrogen retention and loss occur mainly
in the source sections (denitrification), and the phosphorus — in the downstream
part (sedimentation). Undoubtedly, however, land use in the catchment and the size
and location of the point, linear and area pollution sources are responsible for the
pollution volume.

The quality of river waters leaves much to be desired. In 2016 the ecological
potential of only the Parsgta and Stupia was assessed as good. The remaining rivers
had the potential rather moderate (the Reda and Wieprza) or poor (the Lupawa, Leba,
and Rega) [29, 34]. The situation in jewp (the WFD surface water body) was worse.
For all the rivers studied, it was very poor. Causes should be linked to land use. Half
of the discussed catchment area is occupied by built-up areas and arable lands, and
in the Rega catchment, it is up to 65% (Table 16.4).

According to Corine Land Cover 2012 classification (level 1), the dominant type
of catchment land use is the cropland (52.7%) and forest (42.2%) (Table 16.4). In
Rega catchment, the total area of cropland is 1705.6 km2, which is 23.5% of the
total area of all discussed catchments. The total area of forest in Parseta catchmest
is 1340.1 km?. Forests are the dominant type of land use in the Reda and Wieprza
catchments (Fig. 16.8). Wetland occupies only 0.2% of the area of all discussed
catchments. In the Eeba catchment wetlands covers 17.3 km? (which is 1% of the
Leba catchment).

Table 16.4 Landuse in the Pomeranian catchments (according Corine Land Cover 2012)

Landuse Urban Cropland Forest Wetland Water Total
Rega km? 90.3 1705.6 931.2 2.5 35.6 2765.2
% 33 61.7 33.7 0.1 1.3 100
Parseta km? 83.9 1634.5 1340.1 2.7 14.8 3075.8
% 2.7 53.1 43.6 0.1 0.5 100
Grabowa km? 8.7 286.6 276.2 1.3 1.4 574.2
% 1.6 50.0 48.1 0.1 0.2 100
Wieprza km? 314 768.6 822.5 0.0 16.0 1638.4
% 1.9 46.9 50.2 0.0 1.0 100
Stupia km? 72.1 805.3 719.1 0.4 23.8 1620.8
% 44 49.7 44.4 0.0 1.5 100
Lupawa km? 24.0 463.8 388.4 22 352 913.65
% 2.6 50.8 425 0.2 39 100
Leba km? 48.6 914.3 7132 17.3 86.5 1779.9
% 2.7 51.4 40.1 1.0 49 100
Reda km? 47.1 278.8 285.6 2.0 5.7 619.2
% 7.6 45.0 46.1 0.3 0.9 100
total km? 4329 7266.2 5824.8 30.2 233.0 13,787.1
% 3.1 52.7 422 0.2 1.7 100
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Fig. 16.8 Landuse in the Pomeranian catchments (according Corine Land Cover 2012)

There are three types of pollution sources: point (hotspot), linear and area. The
area sources of pollution include: arable land, urban fabric and industrial. The area
sources of pollution cover 5387.0 km? of the Pomeranian catchments. Only in Rega
catchment, the area sources of pollution covers 51.4% of the catchment (1423.1 km?).
The line sources of pollution include: commercial and transport units (road and rail
networks). In total the length of primary and secondary roads is 2118.0 km, but
the length of rail is 850.3 km. The last group is point sources of pollution from
wastewater plant, campsite, gas station or carwash. The biggest threat to water quality
is sewage discharges from wastewater plants. There are two wastewater plants in Rega
catchment and two in Parsgta catchment (Fig. 16.9). In total, there are at least 185
hotspots in Pomeranian catchments.

16.6 Flood Risk and Prevention

The temporal variability of water resources manifested in their seasonal abundance
and resulting from the excessive inflow of allochthonous waters or inhibition in free
flow, characteristic for the conditions of the geographical environment of Pomerania,
bring flood risks. Due to the formation process, there are different threats from land
and sea. Land-induced floods include dangers brought by volatile or widespread
atmospheric precipitation and thaw, or by the formation of ice jams on rivers. Sea-
induced floods are hazards associated with storm phenomena. Among the mentioned,
the primary place is taken by rainfall, usually occurring in the summer (dominance on
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Fig. 16.9 Sources of pollution in the Pomeranian catchments

smaller watercourses), followed by snowmelt and ice jams. In all cases, the situation
is highly unfavourable when excess water stagnates in the inter-embankment area,
causing the flood banks to wash out. Sea-induced floods are most dangerous during
the autumn and winter rapid surges of the Baltic Sea, or the Gulf of Gdansk. Hence,
the areas most vulnerable to flooding are the Gardno-Leba Lowland, Karwieriskie
Blota together with the Piasnica valley, Plutnica Ice-marginal Valley and Kaszubska
Ice-marginal Valley. Often, storm surges are accompanied by other phenomena, in
combination with which hazards of a mixed, land-sea type with a storm-thaw or
storm-ice jam genesis are created. This is when the flood risk is highest. It applies
above all to coastal lowlands, the more so because the existing drainage system turns
out to be less efficient and useful, due to the opposite directions of water runoff.
A separate type of emergency are events related to a failure of hydraulic structures
or construction disaster of such structures. It is connected with water and drainage
systems based on a gravitational and forced way of draining surplus water using a
pump station (the Gardno-Leba Lowland) or river valleys used for energy purposes
(the Stupia, Lupawa). Defects of this kind can be caused by a power shortage or
by the recklessness of a human being. The flow of water through the main valleys,
especially during surges, is a potential threat to neighbouring areas, both to the risk
of flooding and the risk of contamination in case of spilling waters.

In the preliminary flood risk assessment, it was necessary to designate risk areas,
i.e. those where there is a significant risk of flooding or where high risk is likely
to occur. This assessment was based on hydrography, topography and land use of
the area. Information on historical floods and the evaluation of the potential adverse
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effects of floods that may occur in the future were taken into account. The effect
of these activities is the forecast of the long-term development of events, in partic-
ular, the impact of climate change on the occurrence of floods. In all catchments
discussed, after the year 2000, an increase in the number and location of floods was
registered. These were floods on the Reda (2008, 2009), Parseta (2002), Grabowa
(2005), Wieprza (2004), Stupia (2001), Lupawa (2007), Leba (2002) and Reda
(2001). Besides, in 2007 flood occurred on Lake Jamno. At the end of the nine-
teenth century and the beginning of the twentieth-century floods took place on three
rivers: the Parseta (1874), Leba (1898) and Wieprza (1914). The Stupia and Leba
experienced high water in 1982 and 1998 respectively.

High and medium (10 and 1%) probability of flooding concerns the Reda. The
Stupia, Lupawa, Leba, Grabowa, Rega, and Wieprza are at risk of flooding with a
medium probability (1%) of occurrence (Table 16.5). Low probability applies to the
Parseta and the lakes Jamno, Resko Przymorskie, and Wicko.

All discussed Pomeranian rivers, sections with a total length of 947 km
(Fig. 16.10), were classified under the Preliminary Flood Risk Assessments (PFRAs)
[35] for the development of flood hazard maps and flood risk maps. The longest
section was designated for Rega 0—187 km, then for Stupia (0-148 km), Parseta (0—
142 km), Wieprza (0-133 km) and Leba (0-126 km). Sections shorter than 100 km
were assigned to Lupawa (0-90 km), Grabowa (0-72 km) and Reda (0—49 km).

From the point of view of flood prevention, buffer and strategic investments
are of great importance [36]. Buffer investments mainly relate to the reconstruc-
tion of old and construction of new flood embankments, engineering channels and
construction of flow regulating devices, strengthening of river banks, as well as the
construction of retention reservoirs and development of valley retention (Table 16.6).
Strategic investments in the catchment areas concerned the increase of their reten-
tion through afforestation (comprehensive forest and forestry adaptation projects
to climate change), counteracting water erosion in lowland areas, restoration of

Table 16.5 High and average probability of exceedance flow and corresponding water level

River Gauge Avg Q [m?® | HighQ[m? |Maximum flow of exceedance
station s s probability Qmaxp% [m3 s~!]and
(1951-2010) | (1951-2010) | corresponding water level H [cm]
Q109 HQ104 | Q1% |HQlg
Rega Trzebiatow | 54.2 87.7 72.9 421 95.2 | 462
Parsgta | Bardy 80.8 143.0 110.0 435 140.0 | 460
Grabowa | Grabowo 14.8 21.7 19.1 165 24.5 | 209
Wieprza | Stary 41.6 76.7 59.1 442 79.5 | 504
Krakéw
Stupia Charnowo | 35.9 53.6 44.0 349 58.0 | 391
Lupawa | Smotdzino |17.1 44.9 24.0 106 36.0 | 139
Leba Cecenowo | 28.2 459 39.3 284 504 | 327
Reda Wejherowo | 14.0 223 19.1 180 24.9 | 200
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Fig. 16.10 Rivers classified as part of the Preliminary Flood Risk Assessment (PRFAs) [35] for

the development of flood hazard maps and flood risk maps

Table 16.6 Buffer investments [34]

Activity Rega Parseta Wieprza Reda
Construction of new flood embankments X X
Reconstruction of old flood embankments X X
Construction of retention reservoirs X

Development of valley retention X

Engineering channels X X

Construction of flow regulating devices X

Strengthening of river banks X X X

riverbeds and riverbanks, increasing retention in urban areas of over 20 000 residents.
For some towns (Resko, Bialogard, Stawno, Ustronie Morskie and Trzebiatéw), a
multi-variant concept of flood protection was implemented. Strategic investments
also concern the seashore as a limitation of the identified flood risk, especially in the

area of Lake Bukowo and the spit of Lake Jamno.
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16.7 Conclusion

The Pomeranian catchments water cycle depends less on local factors is determined
by atmospheric precipitation. The favourable infiltration conditions, numerous lakes,
endorheic areas, wetlands and significant areas with high ground retention capabili-
ties are providing the underground supply. The annual cycle of changes in the volume
and forms of supply modifies the seasonality of outflow and all studied rivers have a
unit outflow higher than the average for Poland (estimated at 5.6 dm? s~! km?). The
highest values (over 400 mm) of the runoff layer of the studied rivers’ catchment
water resources is determined by the Grabowa River.

The unique role in the potamic outflow of the Pomeranian rivers play coastal lakes
which are often connected with the sea by engineered sections of rivers. The lakes
form an extension of the main drainage base on the mainland, constituting a regional
base. The convergent rhythm of variations in the level of lakes with sea fluctuations
also is exerted by the polder systems with enforced water circulation. The long-term
changes in the main drainage base cause an increase in the level of coastal lakes,
that in result, they may influence the decrease of potamic and groundwater outflow
towards the sea, and increase the entry of sea waters into the land.

The high concentration of nutrients and some other substances in the coastal
waters is mainly due to the rivers carrying pollution load, but only a particular part
of nutrients from various sources in the catchment get to the water.

Retention and loss of the nitrogen occur mainly in the source sections and the
phosphorus - in the downstream part. The pollution volume is determined by land
use in the catchment and the size and location of the point, linear and area pollution
sources.

The flood risks results from temporal variability of water resources manifested in
their seasonal abundance and resulting from the excessive inflow of allochthonous
waters or inhibition in free flow and because of the existing drainage system turns
out to be less efficient and useful, due to the opposite directions of water runoff.

16.8 Recommendation

According to the definition of water management, the work presented includes the
determination of water resources in the area of Pomerania, which can be rationally
used for the needs of the natural and social environment. Such studies should be
repeated periodically, due to unfavorably changing climatic conditions that visibly
change also water resources, and thus affect periodic shortages or excess water.
The work is addressed to authorities at various levels (local, regional and national)
responsible for proper water management, waste management, spatial management
and agriculture, which are directly or indirectly dependent on water or affect its
quality. The study should be of particular importance for institutions dealing with
flood risks and protection, such as Maritime Offices, for water construction enter-
prises and establishments of municipal economy. Pomeranian rivers are contaminated
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with nutrients and are the main cause of pollution in the Baltic Sea. Therefore, contin-
uous monitoring of the quality of river waters is important, as well as works aimed
at reducing the use of artificial fertilizers in agriculture in Pomerania.
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