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Introduction

Estonia is located in a transition zone between regions with a maritime climate in the west and continental climate in the east and is very sensitive to climate change It is a relatively small country (45,227 km2), but due to its geographical location between major geological structures (Fenno-scandian Shield and East European Platform) and comparatively long coastline (nearly 3,800 km) due to numerous peninsulas, bays and islands (over 1,500 island), it is rich in different shore types and valuable coastal ecosystems. The western coast is exposed to waves generated by prevailing westerly winds, with NW waves dominant along the north-facing segment beside the Gulf of Finland, contrasting with southern relatively sheltered sectors located on the inner coasts of islands and along the Gulf of Livonia (Riga).
The coastline classification is based on the concept of wave processes straightening the initially irregular outlines, via erosion of Capes, deposition in bays, or a combination of the two (Orviku, 1974, Orviku and Granö, 1992, Gudelis, 1967). Much of the coast (77%) is irregular in outline, with the composition Capes and bays being either hard bedrock or unconsolidated Quaternary deposits, notably glacial drift). The cliffed northeastern coast around Ontika, has been straightened by erosion, whereas the beach-fringed Narva Bay has an outline smoothed by deposition (Orviku and Romm, 1992). Coasts straightened by a combination of erosion and deposition can be found on the northern shore of Köpu Peninsula, in the western part of Hiiuma Island, and around the Gulf of Livonia. Orviku and Sepp (1972) have illustrated the stages in coastal landform evolution of the west Estonian archipelago.

Historical coastal evolution

Coastal evolution has been influenced by changing sea levels (Kessel and Raukas, 1967): the Ancylus transgression (9500-9000 years ago), followed by the Litorina transgression (8200-7000) and an ensuing regression (7,000-5,000 years ago). During the Litorina transgression there was extensive erosion, producing cliffs and shore platforms which generated large amounts of sand and gravel, with residual boulders occurring where glacial deposits (till) had been dispersed. During the ensuing regression sand, gravel and boulders on the emerging sea floor formed beaches, beach ridges and dunes by wave and wind activity.

Postglacial isostatic movements since the Ancylus Lake period, resulted in land uplift ranging from circa 45 m. in southern Estonia up to 75 m. on the northern coast, Beaches formed are often backed by beach ridges and dunes, tilting has continued on either side of a zero isobase that runs SW-NE through Riga in Latvia, with land uplift of about 1 mm/yr. at Pärnu, 2mm/yr. at Tallinn and 2.8mm/yr. on the northwestern coast (Vallner et al., 1988).
Main agents causing the erosion  
Waves and currents (especially during heavy storms), long-shore drift, onshore winds, and human activity are the main agents of coastline evolution. Tides are negligible on the Estonian coast (less than 5 cm), but sea level is generally higher in winter than in summer. Rivers are small and alluvial deposition is very limited. Westerly and southwesterly winds predominate, producing waves from these directions on west-facing sectors of the coast, but wave energy is also low, especially in places where near-shore is shallow and boulder-strewn. During storm surges, onshore winds and low barometric pressure may raise sea level by nearly 3 m. above the Kronstadt zero (benchmark for the eastern Baltic Sea). This is when major coast changes take place, with cliffs undercut at a higher level, high beach ridges formed, and large quantities of sand moved alongshore. During winter (November to April), a shore ice fringe develops which prevents wave activity, but on spring break up, waves may drive ice onshore, piling it up as 10-15 m high hummocks (Orviku 1965; Orviku et al., 2011). Ice driven onshore scours sea floor sediment, displacing sand and gravel, and even boulders shoreward, damaging trees and buildings (Figure 1.).
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Figure 1. Sea ice hummocks in a coastal forest at Paaste village, Saaremaa Island in 1997. a) Hummocks of ice moved about 100 m inland within a 0.5 km wide sector of the shore as a result of north-westerly winds resulting in severe damage to a pine forest; b) The results of the ice assault become evident in summer after the final ice melting: some boulders and sea bottom sediments have been transported to the damaged pine forest 
The Estonian coastline

Shoreline classification 
Based on the initial relief slope, geological character of the substrate and dominant coastal processes, the following shore types (Figure 2.)  Are distinguished (Orviku, 1974; 1992; 1993): 

· Cliffed shore (approximately 5% of Estonian shores) – an abrasion bluff in resistant Palaeozoic rocks (limestone, dolomite, sandstone);

· Scarp shore (appears with very short sections between other types) – an abrasion bluff in brittle unconsolidated Quaternary deposits (sand, gravel, till etc.);

· Till shore (35%) – an abrasion till sloping shore;

· Gravel shore (11%) – a depositional shore with beach ridges formed of gravel and pebbles;

· Sand shore (16%) – a depositional shore with sand ridges often backed by foredunes or dunes; 

· Silty shore (31%) – a depositional shore with fine-grained (silty) sediments; usually it has a very flat nearshore and a tendency to become overgrown;

· Artificial shore (2%) – a shore with its natural dynamics altered by anthropogenic constructions (breakwaters, protecting walls, berms).
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Figure 2. Distribution of shore and coastal types on the Estonian coast. Coastal types: (1) Straightening abrasion-accumulation coast in Quaternary deposits; (2) Straightening abrasion-accumulation coast in Pre-Quaternary bedrock; (3) Straightened abrasion-accumulation coast; (4) Straightened abrasion coast; (5) Straightened accumulation coast.
For the above-listed types, the first three are abrasion and the remainder are mainly depositional shores (Erosion might still occasionally occur). Artificial shores may be either abrasional or depositional (Figure 3). 

A classic example are cliff formations (Figure 4) outcropping in areas of carbonate rocks and sandstones, where the initial topography was steep and waves sufficiently strong and the till scarps are subject to active erosion (Figure 5; Orviku, 1982). As a result of long-term erosion and retreat of the scarp foot, an abrasion platform with boulders and cobbles has formed on the sea floor or nearshore (Figure 6), acting as a natural breakwater, which considerably decreases storm wave influence on the scarp foot. 

The formation of sand shores (Figure 7) is more difficult to explain (Bird, 1985; Orviku et al., 1995; Raukas et al., 1994). The vast majority of sand shores formed and developed because of alteration and re-sedimentation of the old sand areas deposits (buried valleys, landforms generated by glacier meltwater, etc.). Small stretches of sand shores may also occur near to artificial constructions, e.g. ports, where quays hinder natural sand movement (sediment drift). Sand origin on these shores is sometimes erroneously associated with erosion of neighbouring till shores. However, this is practically impossible because the sand content of till is too low to enable formation of depositional sand shores.
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Figure 3. Seawall protecting Pirita roadway in Tallin Bay.

Coastal types of Estonia.

There are five different coastal types described in Estonia, These types might include several different shore types and various coastal sediments but their evolution, geology and morphology follows similar patterns.
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Figure 4. Pakri cliff, north-western Estonia.

Type 1. 


Northern Estonia coastlines with large peninsulas separating deep bays are a typical of this type. At the head of each bay is a sand beach, backed by beach and dune ridges that rise landward. Erosion of glacial deposits on the peninsulas has resulted in bay-head accumulation of sand and silt, with reeds and bushes colonizing silt flats. Here the coast consists of low scarps cut into glacial and fluvioglacial deposits, varved clays and gravel, and shore platforms cut into these soft sediments are strewn with erratic boulders fringed by reed beds. There are bay-head beaches of sand and gravel, the finer silt and clay having been withdrawn seaward in suspension and deposited on the bay floor (Orviku, 1988).


Sections of Hiiumaa and Saaremaa Island also represent type 1. The eastern and southern coasts of these two large islands are low and flat, locally marshy, with pebble and cobble beaches, There occur large irregular inlets (bays), opening to the sector of the Baltic Sea sheltered by Hiiumaa Island and many small rock islands occur in this section. Because of continuous land uplift, cliffs are usually eroded only during heavy storms (Orviku, 1974). The southernmost bay (Matsalu) at the mouth of the River Kasari, is bordered by extensive reed beds, which have spread rapidly seaward with the emerging near-shore area.


A sheltered low embayed coast made up of Quaternary deposits is also located after the straights between Saaremaa and the mainland and the offshore zone is very shallow. There are low marshy areas and occasional shingle beaches on the shores lined with boulders derived from the glacial drift along with some low scarps cut into till and fluvio-glacial deposits. Dunes are either poorly developed or missing (Orviku 1974). Exposure of the coast to wind and wave activities increases towards the south and reed beds occupy the sheltered bays. On some sand shores, reeds have spread onto a sand beaches, a feature seen on many Estonian beaches (Bird, Martin and Orviku 1990).
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Figure 5. Erosional scarp formed in till in Mõntu, Sõrve Peninsula, Saaremaa Island.

Type 2.

This coast is irregular, consisting of valley-mouth bays with sand beaches and reed beds with limestone headlands and cliffs. Between the Capes, wide beaches have formed backed by dunes and fronted by submerged sand bars. The sand has been derived from Lower Ordovician sandstone in the bordering cliffs. On Cape Pakri, a cliff has been cut into relatively soft Lower Ordovician sandstone, which is overlain by a harder limestone. The limestone upper cliff, which is undermined by wave-cut notches (Figure 8a), frequently collapses forming a talus slope (Figure 8b), which is subsequently reduced by wave activity, and turned into a gravel beach.

The northwestern coast of Saaremaa Island has up to 20 m high cliffs (Type 2) cut into Ordovician and Silurian limestone and the near-shore area is a bare rock abrasion platform with pebble and boulder beaches widespread near the cliffs. Sand and gravel beaches, derived from eskers and end moraines, are distributed by longshore drifting (Orviku, et al.,  1995). Erosion of the Silurian limestone cliffs (type 2) has yielded gravel deposits, which have drifted into intervening bays to accumulate as bay-head shingle beach ridges. In recent decades, there has been erosion on parts of the shingle beaches and spit prolongation. The islands were much smaller during the Ancylus Lake stage and successively enlarged at the Litorina Sea and Limnea Sea stages, with subsequent land uplift of the coastal plain. Each of the earlier coastlines, are marked by bluffs and beaches, particularly on Saaremaa and Muhu Islands.
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Figure 6. Finer grained sediments are eroded by waves and remaining boulders provide a good natural protection against further erosion (Abraded till shore on the western coast of Aegna Island, Tallinn Bay).

Type 3

As an example, a long and wide gently curving beach of fine sand rich in quartz and backed by low dunes has formed at the head of Pärnu Bay. Reed beds have spread over parts of the shore. Here emergence following the Litorina transgression, (up to 7 meters above present sea level), resulted in formation of a coastal plain and a shore fringed by boulders, sand beaches and segments of reed beds. Further south, as exposure to wave activity increases along the coast of Gulf of Livonia, beaches are backed by lagoons overgrown with reed. Similar processes and morphological features, can be observed on the northern part of Hiiumaa Island.

Type 4

The Baltic klint (cliff in Ordovician limestone) becomes higher (56m) and westwards is located closer to this coastline type. It is cut into Cambrian sandstone, clay and shale and covered by Ordovician limestone, which is more resistant to erosion. There are accumulations of basal rock talus and beaches of cobbles and boulders derived from cliff erosion, and the near-shore area is a boulder-strewn abrasion platform. The klint is now only locally found and episodically attacked by waves, and is generally stable.
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Figure 7. a) Accumulative sandy beach with foredunes north to the Lehtma harbor, Hiiumaa Island; b) Intensive erosion occurs south to the harbour jetty.
Type 5
Close to the Russian border Figure 2.), this epitomizes a long gently curving sand beach backed by numerous parallel beach ridges covered with dunes. The sand has come partly from cliff erosion to the west; partly from glacial and fluvioglacial deposits on the Kurgalovo Peninsula to the north, and partly from the River Narva, the yield from which has diminished after upstream dam construction. With a reduced sand supply, the seaward margin of these dunes is now in recession forming abrupt scarps. In the 1980s, the beach was re-nourished, and a breakwater built at the mouth of the River Narva (Orviku and Romm, 1992).
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Figure 8. a) The upper part of the limestone cliff is undermined by deep wave-cut notches in non-resistant rocks (e.g. glauconite sandstone), which crop out on the coast of Osmussaar Island; b) wave cut notches collapsed and formed a talus in front of Pakri cliff.

Recent trends and changes

Estonia is sensitive to climate change manifestations such as an increase in cyclonic activity, westerly circulation and a northward shift of the Atlantic storm track over the last decades. There has been an increase in storminess in the coastal waters of Estonia with over 10 major storms between 1965-2010 with an intensity that previously occurred only once or twice in century (Orviku, 1995, Orviku et al., 2003; 2009; Tõnisson et al., 2008; 2011). Changes in meteorological conditions have changed wave climate and sea-level conditions, as well as the rate at which shore processes occur. Frequently raised sea level by storm surges, a general absence of shore ice cover with unfrozen shore sediments in milder winter conditions allow waves to attack the coast and shape the beaches even in winter. Despite tectonically uplifting coast, beach erosion attributable to increased storminess has become evident in Estonia in recent decades. 

A good example to demonstrate the increasing trend of erosion in western Estonia, is the Kiipsaare study site, located on the north-westernmost tip of Harilaid Peninsula,  NW Saaremaa Island, which is exposed to the Baltic Sea proper. This is a small (4.3 km2) peninsula connected by a tombolo to the larger Tagamõisa Peninsula. The primary landform is a glacio-luvial ridge. A coastal scarp borders the 50 m wide sand beach from inland, reaching 3 m a.s.l. in the NW part where shore processes are strongest. The area is most influenced by waves from the SW, W, NW and N, and the sea bottom is particularly flat and shallow northwest of Kiipsaare, the 5 m. isobath being 4 km from the shoreline. The steepest underwater shore slope occurs northeast of the peninsula where the 5 m. isobath is 350 m offshore.
In 1933, the Kiipsaare lighthouse was erected approximately 150 m. from the shoreline – in the middle of the cape (Figure 9). It is not possible to estimate the speed of shore retreat between 1933 and 1955 but we know that the mean annual velocity of shoreline retreat at Cape Kiipsaare has been about 2 m/yr. from 1955-1981. More rapid retreat is revealed when comparing aerial photographs from 1981 and 1990 (Figure 9). During that decade, the lighthouse had “shifted” from a safe distance near the erosion scarp. Shoreline retreat during these ten years was up to 30 m. (3 m/y), and by 1995, the lighthouse was in the middle of the beach. Even more severe storm damages occurred from 2001-2010, when the shoreline receded approximately 50 m (5 m/yr.). Today the lighthouse stands in the sea, about 50 m offshore. Former beach ridges explicitly show the position of western coast earlier shorelines. These shorelines are not parallel to the current one, as would be typical of sand beaches, but a 45o intersection of the current shoreline with the axis of the former beach ridges is clearly visible in freshly formed scarps. It is evidence of rapid changes in the direction of shore processes. Additional evidence of the Capes’ north-eastward migration is given by the outcrop of shipwrecks on the western coast of the Cape (Figure 9). The ships were probably wrecked on the north-eastern coast of the Cape 150 years ago. Sand later buried the wrecks, which were re-exposed on the western coast and consequently, the Cape has ‘rolled over’ the shipwrecks.
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Figure 9. Shoreline changes during the period from 1900-2010 (Shipwrecks found in 2000 and 2010 are also indicated in figure.
Coastal Defence.

The Baltic Sea is a relatively shallow water body and its small dimensions restricts wave size and therefore reduces the risk of erosion to the shores. Major damages take place during extreme events once or twice a Century. Previously, the main coastal zone economical activities were fishing and agriculture. Both economies did not need much shoreline infrastructure and therefore all bigger infrastructures were planned further away to higher elevations. Lightweight buildings were built close to the shoreline and all buildings were easy and cheap to rebuild after those extreme events. Human lived in good harmony with nature and there was no need for coastal protection. Furthermore, the price was much higher compared to the costs of rebuilding old infrastructure a few times during the century. 

.

Everything changed during WWII. The Soviet occupation began at the end of the war in 1945 and continued for nearly half a century, when the Estonian coast was the western border of the Soviet Union. Here, different degrees of restrictions were established depending on location. On the mainland east of the west Estonian archipelago, the restrictions were not as stringent as on islands exposed to the Baltic Sea proper. Strict limits were established on sea-borne navigation and even movement on land. Local people on small islands and in many villages situated on larger islands were deported from their homes, and many older buildings and infrastructure were overtaken by Soviet border guards, with the end result that many buildings were unused and have collapsed in 50 years as a result of natural processes (Figure 10). Due to the restricted border zone regime no developments were permitted close to the sea so there was no  coastal protection and natural processes reigned free.
 .
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Figure 10. The Former lighthouse keeper house has been destroyed by various factors including Soviet army destruction and purely natural processes. Eventually, it will be completely destroyed by coastal erosion. 


After regaining independence in 1991, the Estonian coast has become a popular recreation area, which has affected coastal land use once again and the coast has been very popular place for summerhouses and even for some residences. According to Estonian legislation it is declared as a force majore (Government has absolved itself for possible losses caused by coastal erosion) when erosion dangers some houses or private infrastructure and this has more or less kept developers further away from the shoreline. Therefore, most of the coast is akin
 to a natural laboratory and natural processes can be followed with no threat of financial or human

Moreover, as the country is experiencing land uplift of up to 2.8 mm per year and therefore shoreline is shifting slowly seaward. However, a few examples of coastal protection from recent history still exist. In Tallinn Bay, there are 4 km of breakwaters and jetties, and in 1980, a 2.5 km long sea wall was built purely to enclose and reclaim a shallow bay-head area for highway construction and the 1984 Olympic Yachting Centre (Martin and Orviku, 1988). Because of relatively low wave energy, this construction is still in good shape, nearly 30 years later (Figure 3), with occurrence of only a few ice attack events that bent a few steel bars on top of the construction (Orviku et al., 2011).  

Very close to the above, is Pirita beach, which is an artificial sand beach, located in an ancient river valley and additionally fed by sediments coming from the Pirita river, but sand inflow has more or less stopped because of marina construction at the river mouth. Pirita beach has suffered repeatedly due to extreme storms (1967. and 1975/76 extreme storms). Approximately 30 000 m3 of additional sand was brought here from inland sources to nourish the beach for the 1980 Olympic Games (Orviku, 2010). Many more extreme storms have taken place since then, including the November 2001 storm and January 2005 storm (Gudrun) which caused extensive erosion. In addition to the wave erosion, some sand was carried by wind further inland, to the pine forest. Pirita beach needs to be urgently renourished in the near future because it is approximately 30 years since the last nourishment and the beach has lost most of its natural protection and every year, next storm attacks makes the beach more vulnerable. 

Lastly among a few coastal protection measure examples in Estonia is the area surrounding a former nuclear waste depository near Sillamäe town, north-east Estonia (Figure 11). At the beginning of the 20th Century, boat houses and summer cottages were the most common buildings near Sillamäe (according to a 1934 map), and the shores were stable The first artificial changes appeared when the so called ‘Swedish harbour’ was established at the end of 1930s on the eastern side of Cape Päite. The harbour jetty turned out as a sediment trap for gravel-pebble alongshore transport from west to east. The sediments trapped behind the jetty accumulated on the northern shore of Cape Päite. The amount of sediment on the shores in front of Sillamäe (east of the harbour) and the character of shore processes changed. The former accumulation gave way to erosion and the shoreline moved landwards, especially in the area of current Sillamäe town. The town itself and highly specialized chemical and metallurgy plant was constructed in 1946 (Orviku et al., 2008). It was a town forbidden for outsiders in 1947–1991, where fuel rods and nuclear materials for the Soviet nuclear power plants and weapons were produced. Uranium enrichment was finished in 1989, but enrichment of rare metals (such as niobium) still exists. On the immediate shore of the Gulf of Finland, a 50 ha nuclear waste depository grew since 1959, where probably some 1,200 tons of uranium, 800 tons of thorium enrichment residuals and other hazardous substances are buried. 

The depository did not cause too much change in neither in the shoreline nor coastal processes; therefore, accumulation was still dominating in front of the depository due to the Swedish harbour jetty. The most drastic changes started at the beginning of the 1980s, were related to construction of an ash depository whose northern tip extends up to 200 m into the coastal sea and therefore interferes with the longshore sediment transport pathway. As a result, the longshore transport of gravel-pebble from west to east has been artificially impeded forming a 200 m long and more than 20 m wide complex system of beach ridges. The process is similar to one caused by the harbour jetties. Simultaneously, the northern shore of the waste depository started to erode, caused by a lack of sediments from the west and intensified the longshore transport. Due to security concerns, the jetty at Swedish harbour was demolished in 1984, which triggered massive amounts of formerly trapped sediments to move eastward. These trapped sediments quickly formed a spit in the south-eastern direction. Rapid spit development was probably caused by intensive storm periods (the estimated average speed of the accumulation of the distal part of the spit was 700-800 m3/annum). The sediments formerly trapped behind the jetty, and therefore protecting the shores in front of the nuclear waste depository, travelled to the spit and let the north-eastern part of the depository without natural protection. By 1996, gravel-pebble ridges formerly fronting the northern shore of the nuclear waste depository were completely eroded, giving storm waves free access to the gravel terrace built at the nuclear waste depositories base, allowing the subsequent erosion to reach the nuclear waste depositories’ protective dam. It has been known only since 1989 that annually some 4000 tonnes of ammonia has leaked into the Gulf of Finland through the broken protective dam (Orviku et al, 2008).
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Intensive wave activity caused the gravel terrace to erode, which, in turn, forced emergency repair work to be carried out to the depository’s foundation using whatever materials were available. These repairs were not effective and erosion continued until closure of the waste depository in 1998–2008 became one of the highest priority environmental projects over the whole Baltic Sea basin. The dam has been reinforced and the leakage through the dam to the sea should be negligible now. Currently the northern shore of the nuclear waste depository is well protected from wave activity, as a result of conserving and construction of the Sillamäe harbour in front of the dam (Figure 11). Intensive accumulation is going on west of the western jetty today. Unexpectedly, erosion has not intensified east of the harbour and accumulation has dominated during the last decade. This might be caused by changes in hydrodynamic conditions. The longest fetch at Sillamäe is for waves coming from north and north-east. As a result of changes in wind climate, such as increases in westerly and decrease in northerly winds, over the last few decades wave activity has decreased near Sillamäe (Tõnisson et al., 2011).

Figure 11. Location of Sillamäe and directions of sediment transport.  
Conclusions
The annual maximum sea-level on the west coast of Estonia has increased during the last decade. Fewer storms seemingly affect the coast but in western Estonia, they are significantly become more intense, resulting in intensification of shore processes. Measurements at various study sites in western Estonia, shows that the current rate of coastal change is many times higher than in the 1950s. These factors are responsible for acceleration in the rate by which such coastal processes are occurring. Each subsequent storm reaches an already vulnerable beach profile. In addition, higher sea levels during storms have also caused the erosion area to move further inland with any subsequent storm. Even accumulative shores (sand shores, gravel shores) in normal conditions have turned to abrasion in many locations (Tõnisson, 2008; Tõnisson et al., 2011).
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