Eiszettalter u. Gegenwart 35 by--ls Hannover 1985
14 fig., 2 tab.

Fluctuation in Sea-Level and Associated
Morphological Response: Examples from Denmark
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Abstract: Data from tide gauges in Denmark show diverging trends in mean sea-
level during the past 90 years. Stations in the northern patts of the country have a falling trend
(—0.39 mm/y in Hirtshals) while stations in the southern patt of the country have a rising trend
(+1.08 mm/y in Fredericia). This regional disparity can be partly explained by isostatic uplift of
the northern part of the country. There is also a marked seasonal fluctuation in mean sea-level
with low levels in the spring and high levels in the autumn. Examples of the effect of these
fluctuations on the coastal morphology are discussed. In one area of continued uplift the discus-
sion is expanded to include postglacial coastal changes.

[Meeresspiegel-Schwankungen und damit verkniipfte morphologische Auswirkungen:
Beispiele aus Dinemark]

Kurzfassung: Daten von Pegelbeobachtungen in Dinemark zeigen zwei ver-
schiedenartige Tendenzen des jihtlichen Mittelwasserstandes im Verlauf der letzten 90 Jahre.
Stationen im nérdlichen Teil des Landes zeigen eine fallende Tendenz (—0.39 mm pro Jahr in
Hirtshals), wihrend Stationen im siidlichen Teil eine steigende Tendenz ( + 1.08 mm pro Jahr in
Fredericia) zeigen. Dieser regionale Unterschied kann zum Teil durch isostatische Landhebung
erklirt werden. Es gibt auch eine ausgeprigte saisonale Anderung im Wasserstand: niedriger
Wasserstand im Frithjahr und hoher Wasserstand im Herbst. Beispiele von kiistengeologischen
Konsequenzen dieser Wasserstandvariationen werden besprochen. Die Diskussion befafit sich
auch mit post-glazialen Kiistenverinderungen in einem Gebiet, in dem die isostatische Hebung
auch noch heute andauert.

Introduction

In recent years attention has been drawn to the world-wide problem of shoreline
erosion (TANNER & StaPOR 1972; WALTON 1978 and Pukey 1981), suggesting that
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coastal erosion is largely due to a slow eustatic rise in sea-level. EMERY (1980), GorwiTZ
et al. (1982) and BARNETT (1984) propose that sea-level has risen by 1.2—1.4 mm/y in
the last 100 years and 2.3—3.0 mm/y in the last 40 years. Exceptions from these general
trends are found in Alaska, Scandinavia and South East Asia (BARNETT 1984).

BrRUUN (1962) suggested that sea-level rise could be responsible for the widespread
shoreline erosion. Sea-level changes create disequilibrium, resulting in the seaward
movement of eroded beach material. Coastal changes can also be caused by seasonal
variations in the wave-climate (ELioT & CLARKE 1982), nearshore reorganisation of bed-
forms (NIELSEN & NIELSEN 1978), changes in sedimentbudget (BIRD & CHRISTIANSEN 1982)
as well as various anthropogenic factors (WALTON 1979, CARTER et al. 1983).

This paper will deal with sea-level variations in Denmark from 1890 to 1984 and
give some examples on the associated morphological responses. In one area of conti-
nuing isostatic uplift the discussion is expanded to include post glacial coastal changes.

Long-term trends
Mean sea-level
Long term tide gauge data are available for 10 Danish sites covering the period

from 1890 to 1984. These raw data have been analysed for the period up to 1968
(THOMSEN & HANSEN 1976) without regard to oceanographical and meteorological effects

Tab. 1: Long term sea-level variation (mm/100 y) at 10 Danish stations. Sea-level rise is positive.
RossiTer’s data are corrected for oceanographical and meteorological effects.
The tide gauge at Frederikshavn stands on unsteady ground.

Uncorrected Corrected From levelling
Year HanseN & THOMSEN RossiTer ANDERSEN et al.
of establ. (1976) (1966) (1974)
Kg¢benhavn 1889 24.7 23
Hornbaek 1891 1.1 —3
Korsgr 1890 79.8 —3
Slipshavn 1890 83.5 88
Fredericia 1890 108.4 103 105
Aarhus 1889 53.4 51 53
Frederikshavn 1893 (29.4) (—81)
Hirtshals 1892 —39.3 —4 24
Esbjerg 1890 116.6 148 137

Gedser 1892 101.2 104
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(Table 1). RossiTEr (1967) analysed the same data for the period up to 1962, taking
oceanogtaphical and meteorological effects into consideration (Table 1). ANDERSEN et al.
(1974) gave an account of secular land movements in Jylland based on repeated level-
lings about 1890 and about 1950. The corresponding secular changes in mean sea-level
are also shown in Table 1. This shows that there is a regional tendency in secular sea-
level movements. The rise is largest in the southern parts of the country (Fredericia
1.08 mm/y; Gedser 1.01 mm/y). This rise in sea-level decreases in a northerly direction
to be superseeded by a fall in the northernmost parts (Hirtshals —0.39 mm/y). A com-
parison of the three sets of data in Table 1 suggests that meteorological corrections, as
applied by RossiTER (1967), are of greatest significance at Esbjerg and Hirtshals, which
are situated by the open sea. Stations in the inner Danish waters are more comparable
without regard to corrections. These secular changes in mean sea-level give Denmark
an intermediate position between North Germany, where sea-level is rising by approx.
2.5 mm/y (RoupE 1977) and Central Sweden, where sea-level is falling by 2—4 mm/y
(RossITER 1967 Ase 1980).

In order to eliminate the influence of the long term tidal Saros cycle the changes in
sea-level at four Danish stations have been plotted as 19 year running means (Fig. 1).
Each plot starts at 0 in the year the station was established. Besides the regional trends,
Fig. 1 also shows general tendencies. Peaks, for example, are synchronous on all curves.
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Fig. 1: Changes in mean sea-level since 1892 after the application of 19-year
running mean to the raw data.
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Furthermore it is possible to see the difference in trend between the stations on the
north sea coast and stations in the inner Danish waters. In recent years both Hirtshals
and Esbjerg have had falling trends. The latter is a reversal of the previous tendency.
During the same period both Hornbaek and Gedser have remained constant.

Morphological response

According to Bruun’s rule (BRuun 1962; ScHwArTZ & FisHER 1980) one should
expect accentuated erosion in the south and diminished erosion or even accretion in the
northern parts of Denmark. But it is not as simple as this. Fig. 2 shows that coastal
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Fig. 2: Location map showing coastal changes in Denmark during the past 100 years.
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recession has exceeded progradation for the past 100 years (some 450 km of the coast is
eroded and some 250 km is prograded). An assumption for BRUUN’s rule is that 1) the
coast has a fully developed equilibrium profile and 2) there is plenty of loose sediment
both on the beach and near-shore. These assumptions are normally fullfilled on coasts
with small to moderate gradients, but very seldom on steep coasts. On the other hand,
there is a clear difference between coasts facing west and coasts facing east. On the west
coasts westetly winds give high sea-level and high waves with resulting erosion. On the
east coasts eastetly winds give low sea-levels (CHrisTIANSEN 1973) and high waves with
resulting lesser erosion. Fig. 3 shows the influence of changes in both water level and
sediment budget on coastal morphology. It is possible to have regression even with
rising sea-levels if the sediment budget can more than compensate. Thus, the barrier
coast in the bay between Blivand and Sylt in the southwestern part of Jylland, where
sea-level is rising 1.17 mm/y, is prograding. This is due to long-shore sediment trans-
port on the west coast of Jylland from the north towards the south. Apperently, in most
patts of the country the morphological responses to long term mean sea-level fluctua-
tions are too small to be distinguished from the results of other coastal processes such as
aperiodic storm activity.

An exception can be found in the micro-tidal, low-energy area of K¢ge Bugt. The
bay of Kgge is located south of Copenhagen and is hydrographically part of the Baltic
Sea, Fig. 4. The water depths in the bay are shallow (maximum 20 m) and the fetches
are short, except toward the SE. Mean sea-level is + 12 cm DNN (DNN = Danish
Ordnance Datum) and the tidal range in this part of the Baltic is less than 10 cm.

In the central bay, earlier maps show that a bartier was under formation at least as
early as 1860, but it is first in 1907 that it is shown as chain of islets on the topographical
maps. Developments has since then been rapid and already the 1952 map shows a
continuous battier system, at least 7 km long and only broken by two tidal inlets, Fig. 4.

To-day the width of the barrier is about 85 m, and it consists of one or two ridges
with maximum heights of 1.6—1.9 m DNN. The morphological border between the
marine foreland and the beach, the permanent vegetation here mainly Elymus arenaria
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Fig. 3: The influence of changes in sea-level and sediment budget on coastal morphology.
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Fig. 4: Development and landward movement of the barrier in Kg¢ge Bugt 1895—1968.

at a level of about 1.3 m DNN, corresponds to the average of the highest swashes. The
upper part of the batrier is covered by small dunes built in the vegetation by wind-
blown sand from the beach.

All levels of a young barrier coast are strongly adjusted to the local dynamics
and their variation. Therefore it is interesting that the barrier in Kg¢ge Bugt has devel-
oped during the last 100 years, a period with transgression (Gedser approx. 1 mm/y).
The dominant coastal process has been the development of an equilibrium profile with
steeper gradients, i. e. sediment transport toward land. This probably started during the
last century with lower sea-levels. This process stopped temporatily due to a lack of
mobile sediments in the off-shore zone. Longshore transport of sediments is insignifi-
cant in the bay, therefore the total amount of sediment in the barrier and nearshore
zone must be considered as constant. The necessary growth of the barrier height, to
compensate for increasing water-levels implies a redistribution of the sediments. Map
studies show that during development the barrier has moved landward toward a higher
part of the profile. This form movement supplies the sediment necessary to build up
the top levels of the barrier without changing its horizontal dimensions.

Morphodynamic studies on the batrier coastline (NIELSEN & NIELSEN 1978) describe
the dynamic conditions and morphological results of the landward movement of the
barrier. The morphodynamic processes on bartier coasts differ only from other kinds of
coastlines during extteme situations, i. e. large waves and high water-levels.

During the night between 21 and 22/11 1971 the wind turned ESE (the direction
of the longest fetch) and increased to above 20 m/sec. At the same time the water-level
rose to 124 cm DNN. The deep water wave height was calculated as about 3.5 m.
Extensive parts of the barrier were overwashed due to the combination of wave and
watet-level. The morphological results was a marked erosion of the beach (2.8 m) and
the exposed part of the dune area (5 m), and many overwash tongues were deposited
behind the barrier ridge, Fig. 5. A study area was measured on 11th and 26th/11 and
the volume above —1 m DNN was calculated by planimetry. The area stretched 30 m
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Fig. 5: Cross-section measured on 11/11 and 26/11 1979, i. e. before and after the gale of 22/11.
The nearshore zone was apparently not influenced by the gale. Notice the large accumulation
of sediment behind the outermost ridge of the barrier.

landwards from the boundry between the beach and the marine foreland. Seawards it
stretched 86 m to the through. The width along the beach was 48 m. The calculation
showed, that the volume in the study area was increased by 86 m3, 32 m3 of which was
found behind the old bordetline beach/marine foreland. The overall result was a
reinforcement and landward movement of the barrier ridge. The ridge has not been
overwashed since November 1971.

At Klim, in the northwestern part of Jylland, coastal changes have been recorded
since 1968 by detailed levellings on 18 profiles with a mutual distance of 50 m (CHri-
STIANSEN & M¢rier 1980). Fig. 6 shows the yearly coastal recession of the + 2.5 m DNN
line together with yearly mean sea-level from Esbjerg (sea-level data from Esbjerg
are more complete in these years than the corresponding data from the more closely
situated Hirtshals). Fig. 6 shows that there is a clear connection between mean sea-level
and mean coastal recession: a departure of 1 cm of the sea-level from the secular trend
corresponds to a recession of 5 m of the +2.5 m level.
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Fig. 6: Yeatly mean shoreline movements at Klim compared
with yearly mean sea-level at Esbjerg, 1968—1984.
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Seasonal fluctuations
Sea-level

Fig. 7 shows the mean seasonal fluctuations of the ten Danish stations. Sea-level is
low in the spring and high in the autumn. All stations have low mean level in March,
April or May. Stations on the islands have the highest level in August while stations on
the east coast of Jylland have a maximum in October. At Esbjerg the highest level is
reached in November-December. DieTricH (1954) showed that the seasonal fluctuation
at Esbjerg could be explained by meteorological and oceanographical effects. Wind
effects contributed about 66 %, water density about 25 % and atmospheric pressure
about 10%. Fig. 8 shows the seasonal fluctuations of 24 hour-maximum and
-minimum water-levels 1978 from Mosede, Kg¢ge Bugt. Apart from the low level in the
spring and high level in the autumn, one can also see, that the diurnal fluctuations in
the summer are significantly smaller than in the winter.
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Fig. 7: Monthly mean seasonal fluctuations at ten Danish stations.
Data from THomseN & Hansen (1970).

Morphological responses

An artificial coast has recently been constructed in the northern part of Kgge Bugt.
Morphodynamic changes in a field area measuring 20 m (along the beach) by 104 m
were measured from May 1978 to January 1980, only interrupted from January to April
1979 because of sea ice. Seasonal changes on the beach (0—30 m) and in the nearshore
zone (30—70 m) were recorded (Fig. 9). Apart from the rapid profile and shoreline
adjustments of the young artificial coast in 1978, it is obvious that the morphological
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Fig. 8: 24 hour max-min. sea-level 1978 at Mosede, Kgge Bugt.

development during the late spring and summer months is very moderate, due to the
low sea-levels and calm weather (Fig. 8). However, there is a tendency to erosion
(decreasing volume) of the foreshore and a corresponding accretion in the nearshore.

In the autumn, with prevailing higher sea-levels and a more violent wave climate,
the volumetric changes are more distinct. On the foreshore oblique wave directions
cause exchange of sediment with adjacent areas, even under situations where the waves
are unable to affect the nearshore zone. However, sediment loss occurs in both areas
during extreme situations such as in November 1979. Incidentally, during this storm
the breakpoint bar was transfered 20 m seaward and thus out of the study area. The
volumetric changes between December 1978 and May 1979 occurred almost entirely
during the last days of 1978. A south-easterly storm with temperatures of —15° C was
followed immediately by the freezing of the bay. Consequently, there were no con-
structive processes after the storm. First during the constructive phase after the storm in
November 1979 was there sufficiently wave activity to rebuild the beach and nearshore
zone. When the study was ended on January 10, 1980, the total volume of the study
area was unchanged. The loss in the 0—30 m area was equal to the accretion in the
70—104 m area. Before making any conclusions on coastline stability it is thus necessary
to make observations over a long period of time to avoid misinterpretating changes
which are either seasonal or aperiodic.

CHRISTIANSEN & M@LLER (1983) suggested that the seasonal fluctuations in mean sea-
level provided good conditions for the establishment of Spartina in Mariager Fjord.
Since mean sea-level is low in the spring, in March the micro-tidal flats can have up to 9
days in succession without immersion. The low levels are important, partly because
germination is inhibited by salt (HusBaRD 1970) and partly because two or three days
without immersion allows the roots to become anchored in the sand.
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Fig. 9: Volume variations down to —2 m DNN on the beach (0—30 m)
and nearshore (30—70 m), May 1978 to January 1980.

The measurements were interrupted from late December 1978
to late April 1979 because of sea-ice. The study area is 20 m wide.

Apart from creating new islands, the planting and spread of Spartina resulted,
from 1969 to 1978, in 10 cm sedimentation with a fining-upward sequence (CHRISTIAN-
SEN & Miier 1983). Further, with the changed wave and current conditions caused
by Spartina, sediment parameters on the flat have changed. The effect of Spartina

diminished with distance. We thus include the changed sedimentation condition under
the indirect influence of seasonal fluctuations in mean sea-level.

Aperiodic variations
Sea-level

Fig. 10 shows storm water-level variations in Knebel Vig on the east-coast of
Jylland. For comparison the predicted tidal variations are also shown. It can be seen that

meteorological effects by far surpass tidal variations. On the east-coast of Jylland meteo-
rological induced variations range from +1.40 m DNN to —1.20 m DNN. The

connection between meteorological data and water-level is not immediately clear at first
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sight. Since the sea acts as a 'reversed barometer’ a 1 mb pressurefall should cause a
1 cm rise in sea-level. This effect lies hidden in the effects of the wind. Wind data
compared with water-levels shows, that it is regional and not local winds which deter-
mine sea-level variations. Further, although the coast faces east, easterly regional
winds give low sea level, since they press water out of the Kattegat. Conversely, westerly
winds cause inflow and high sea-levels.

1020
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980

Fig. 10: A) Sea-level observations, Knebel Vig 2—5/1 1976.
The predicted tidal variations ate shown by the dot-and-dash curve.

B) Variations in atmospheric pressure.

C) Wind velocity and direction (4 hour means).

The storm surge on the SW coast of Jylland culminated at 14.00 hours on 3%
January (+4.91 m DNN). It culminated at Mariager Fjord at 22.00 hours and at Aarhus
the next day at 03.00 hours. Thus the surge travelled down the east-coast of Jylland as a
progressive wave with about the same celerity as the tide (CHRISTIANSEN 1976). Note that
on the east coast high onshore wind-velocities prevail when the sea-level is low and the
lower offshore wind-velocities prevail when the sea-level is high. Thus, in contrast to
the great morphological changes (and flooding) on the west-coast the net effects on the
east-coast were small. On the east-coast the highest sea-levels of morphological im-
portance occur during wandering cyclones, when the wind veers E following a long
petiod of westerly winds. Fig. 10 also shows seiches in the Kattegat with a period
of 4 hours during the 4% of January.
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Morphological responses

BrD & CHRISTIANSEN (1982) shoved that quartry waste dumped on the shore at
Glatved in Jylland has been reworked by wave action and formed into a beach ridge-
plain. From 1877 to 1976 the coastline extending 5.5 km north and 4 km south from
the dumping area has prograded up to 220 m. Fig. 11 shows a cross-section through the
beach ridge-plain with positions of former shorelines. The crests of recent beach ridges
were used by MerTz (1924) as indicators for highest marine activity to compile the
isobase map for post-glacial uplift in Denmark. Fig. 11 shows that, because of aperiodic
sea-level changes and waves, this reference level have probably varied up to 1 m during
the last 100 years.

Consequently, it is of importance to know which year a given Tapes/Littorina
deposit was related to present sea-level. It is also of importance to remember the
influence of slope on wave-swash. A change in slope, for example from 2° to 5°,
increases the swash for the same waves from 0.5 m to 1.6 m. Further, two wave trains of
equal height but with different deep water petiods have quite different swashes and
thus give different levels of reference for highest marine activity.

NierseN & NIELSEN (1978) in their study of a batrier coastline distinguish between
the morphological changes due to waves from those due to sea-level variations (Fig. 12).
From September 25% to 26™ the sea-level increased but there were offshore winds (swell
situation). As expected, this produced a weak constructive adjustment of the profile.

During the night of 27/9 the wind veered from N to E and at the same time the
wind speed increased markedly. At 10.00 hours a destructive profile development was
recorded. Between 10.00 and 13.00 this development continues because of increasing
wind speed and raised sea-levels, but changes were mainly internal, with very little net
change in the area as a whole. At 17.00 the adjustment of the profile was complete, as
both wind speed and sea-level remained constant. Until 19.00 the sea-level fell slowly
and evenly and wind speed decreased. A constructive profile development has started.
This continues during the night until 10.00 on 28/9. Between 10.00 and 14.00 the
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Fig. 11: Topography of the beach ridge plain at Glatved Chalk Quarry.
The ridge field has accumulated since 1877
due to quarry waste dumped on the shore.
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Fig. 12: The re-sedimentation rate in m>/h for the whole field area (48 X 86 m)
for the period 25—29/9 1971, together with curves for sea-level, wind velocity and -direction.
The white columns in the histogram indicate the gross volume changes.
The difference between the gross and net changes refer to internal morphological developments
i. e. nearshore bar migration. The net changes indicate sediment exchange with the surroundings,
i. e. general profile adjustments.

sea-level rose significantly, whereas the wind speed remained constant. This results
in increased destructive adjustment of the profile, which apperently was at its maximum
at the time of measurements. Up to the next measurement at 16.00 both sea-level
and wind speed decreased and the final constructive development of the profile was
accomplished. There was no net volumetric change in the field area during the period
25—29/9.
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Ancient shorelines

In the north western part of Jylland sea-level has fallen by up to 27 m during the
last 9000 years (PeTERSEN 1981), therefore there are many ancient shorelines and large
areas of uplifted sea floor. The origin of the landscape is traditionally ascribed to the
Tapes/Littorina sea (2000—4000 B. C.). Yet, some parts of the highest deposits have
been dated at 5000 B. C., while younger deposits ate dated to 0 B. C. (PETERSEN 1981).
Further in 1978 a medieval ship was found in deposits supposed to date back to the
Tapes/Littorina sea (M@LLER 1982).

Tab. 2: C" datings of marine sediments in northern Jylland. For location see Fig. 14

Location Level C'4-dating Source
m ab. DNN
5 1.5 1160 B.C. = 70 PeTERSEN (1981)
& 0 40 A.D. = 100 PeTERSEN (1975)
13 4 2040 B.C. = 65 PeTErRsEN (1975)
14 3 3840 B.C. = 105 PEeTERSEN (1975)
17 3 5030 B.C. = 110 PeTERSEN (1975)

The landscape has a substratum of chalk. Many isolated chalk hills occur as small
islands in the old sea floors (Fig. 13). In extensive parts of the region the coastal
elements are covered by wind-blown sand.

Normally the ancient coastal features are rather difficult to observe in the flat land-
scape. However, the original topographic survey from the last third of the 19th century
is an excellent source for topographic analyses, because the height conditions are
described by means of 5 foot (1.57 m) contours. Owing to the small equidistance quite
small coastal elements can be recognized. The boundaries between aeolean and coastal
elements are also easy to find. Fig. 13 is a survey, prepated on the basis of the old
contour maps of the widespread marine and littoral deposits in the region west of
Fjerritslev. The northern part of the area is covered with dunes, which disguise the
marine deposits and at the same time protect the old sea floors against the North Sea. In
the southern part the surface is mostly below +4.7 m DNN. Here the low-lying areas
are protected by dikes. Many old inlets, unsuccessfully reclaimed, remain as brackish-
water lakes. Fluvio-glacial deposits can be found to the east and west in the region,
mostly as thin cover above chalk formations.

The interest for a closer examination of the ancient shorelines and their ages was
initiated by the find of the medieval ship (Fig. 14, A) in 1978. The large number of
old islands and ridges drew attention to the landscape. Finally, inland place names
containing marine and coastal terms indicate the recent presence of the sea. In Den-
mark place names are rather young, after 800 A. D. However, the existence of place
names does not prove that the sea covered the old sea floors that late.
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Fig. 13: Characteristic geomorphological features in northwestern Jylland.
1) Glacial and fluvio-glacial deposits.
2) Blown sand overlaying marine deposits.
3) Marine deposits. The shading indicates the spread of Donax vittatus,

characterizing the youngest part of the former sea floor. The isolated areas covered with glacial
deposits are mostly chalk knolls.

During the uplift, and until the low-lying meadows were protected with dikes, the
old sea floors must have been in a state of transition, with many areas dry during easterly
winds and flooded during storms from the west. After the dikes were constructed and
until pumping stations were built, the meadows could still be flooded with fresh water.
However, because of high ground water levels the inhabitants had, and still have, to live
on the highest parts of old ridges, islets and curved spits. The place names can hardly
have been transferred from nearby active forms, for thete are no such forms within
100 km, apart from one curved spit Fig. 14.1) in Limfjorden. If the sea had already
retreated when the names were given, then the population must have had a quite
unusual knowledge of marine processes and forms in distant regions. The word ’vejle’ in
the name of the inlet Bygholms Vejle is the Danish word for ford, and the old ford is
probably the base for the present highway dam (Md@uier 1982). The ford, still in use in
the 19th century, is consistent with the existence of a passage between Limfjorden and
the North Sea. Because of the fixed banks, the currents in a strait can carry sediments
that will settle as soon as the straits opens into the sea, and thus form a bar. Because of
the soft sediments in Limfjorden and the great depths in the strait, a bar is the best
position for a ford. The stability of the ford mentioned here must be due to sandy
deposits, because the depth to the chalk surface is more than 50 m.

Obviously the existence of straits between the North Sea and Limfjorden is closer to
historical times than the Stone Age, and datings are highly desirable. The C!4 method
can normally not be used in a coastal environment because organic matter can only
rarely resist the very rough conditions. Fragile deposits such as shells are usually
destroyed on a beach ridge under formation, but they can remain behind bars and at
the terminal ends of curved spits. Consequently most datings are based on palacontolo-
gical methods. However, a geomorphological analysis of the contour maps can lead to a
relative dating of the landforms.
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Fig. 14: Ancient coastal elements in a region with uplifted sea floors.

The coastal features appear from the original Danish topographical survey from 1881—1883.
The equidistance is 5 Danish feet (1.57 m). The zero and the 5 feet contour are drawn with thick
lines, the lo ft (3.1 m) and 15 ft (4.7 m) contours with thin lines.

a) old sea floor covered with dunes. b) areas above 50 feet (15.8 m).

c) dated finds. d) place names connected with the sea or the coasts.

The find of the medieval ship has initiated much geological research in the region,
in particular with regard to the possible existence of straits. Under the old sea floors
there are several depressions in the pre-Quaternary chalk surface (GrRy 1979, PETERSEN
1981). Remains of a rather large channel can be found in the infill of a depression close
to the old southeastern shoreline (Fig. 14, 11—12). Large parts of this channel could
still be seen in 1793.

In Fig. 14 the contour map has been used to distinguish between two transport
directions in the shallow sea under uplift. The predominant wind directions are of great
importance, but so is the fetch and the shelter in the shape of hills. At the beginning,
when the water was still quite deep so that the North Sea waves could affect the region
to a high degree, many coastal elements must have disappeared. Later, as water depth
decreased, dunes built by wind blown sand helped to block the North Sea openings
further, wind blown sediments helped to decrease water depth in the channels them-
selves. Ultimately, the straits became so shallow that water flow could only take place at
times of extrtemely high sea level.
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In Fig. 14 the 0 and + 5 ft (1.6 m DNN) contours have been drawn with thick
lines and the 10 ft (3.1 m) and 15 ft (4.7 m) lines are thin. This makes it easier to
distinguish the lower and the high marine levels. Areas above 50 ft (15.8 m) are shaded.
The height in which particular coastal features can be found depends on the position.
Marine deposits asctibed to the Lizzorina/ Tapes sea can be found at heights from 4.5 m
above DNN at Hanstholm and 8 m at Fjerritslev (Mer1z 1924).

Two important features can be seen in Fig. 14. The shape of the present shoreline
and the 5 ft contour differs markedly from that of the 10 and 15 ft contours. Almost all
the coastal elements indicated by the zero and the 5 ft contour can be explained by
forces coming mainly from Limfjorden, and thus from the period after the straits were
closed. In contrast coastal features indicated by the 10 and 15 ft contours must have
been formed by forces coming from both the North Sea and from Limfjorden. These
elements are situated at greater heights and the forms are larger than the low-lying
elements. The inlet Bygholms Vejle must have been closed before the coastal elements
within it were formed, because all the forms can be explained by forces comings from
the inlet itself and from Limfjorden.

In Fig. 14 the curved spits 2, 3 and 4 can be explained by local forces and the
present fetch in Limfjorden. At 5, 7, 8, 10 and 11 the forces must have come from
northern directions. The curved spit at 9 has been formed by forces from the north as
well as from the southwest. The system of curved spits at 1, probably built on a stone
reef, is still developing. 12, 13 and 14 were formed by forces from Limfjorden. 15 and
16 were influenced by westetly winds, but also influenced by the position on the coasts
of Aggersund, a strait with strong currents.

Apart from the relative dating based on topographic evidence there are 5 dated
borings which can be used to estimate the age of the two morphological levels. Table 2
shows that the coastal features above 3 m DNN developed during the Lizzorina/Tapes
period. Features below 3 m developed much later, some time between 0 A. D. and the
first reliable written records from about 1500 A.D. The 11th century ship found well
inland from the North Sea coast provides support to this view, but cannot be used as
conclusive proof.

Discussion

Table 1 showed that the mean sea level is rising up to 1 mm/y in most parts of
Denmark. However, the magnitude of this trend is small compared with short period
fluctuations. The variation in annual mean sea levels from one year to another can
amount to 130 mm (THoMsex & HaNsEN 1970). Mean monthly variations can amount to
550 mm while diurnal variations during storm surges can be more than 5000 mm.

It is therefore not surprising that the morphological responses to long term mean
sea level fluctuations normally are hidden by short term fluctuations. CARTER (1982)
showed that also on the high-energy coasts of Ireland long term fluctuations are dis-
guised. On the other hand Ase (1980) reported well preserved responses on the low
energy Swedish Baltic coasts with a high ratio of isostatic regression.

Observations from Klim showed that a positive deviation of sea level of 1 cm corre-
sponds to a 5 m regression of the 2.5 m level, thus in line with similar observations in
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Australia, CLARk & Eruior (1983) showed that beach width responded in an inverse
manner to changes in annual mean sea level. A 1 cm rise cotresponded to a 1 m decrease
in beach width. Thus the effect of post-glacial sea level vatiations are far more compli-
cated than hitherto believed.

The warmer climate in the 20th century is related to a displacement of cyclonic
tracks toward higher latitudes (LamMB 1982) and is among other things reflected in
increasing sea level. This not only causes extreme wind velocities to be less frequent
owing to increased distances to the cyclonic center, but also changes the wind directions.
Danish wind statistics for the periods 1876—1925 and 1931—1960 show that the
frequency of NW-winds decreased and winds from W and SW are becoming more
frequent. Recent work on wind climate (LamB & WEiss 1979) shows that the frequency of
NW -winds is now again incteasing, and so is the number of storms. Especially on coasts
facing W and NW the change in wind direction must result in a variation of the long-
shore sediment transport and perhaps even change its net direction. On such coastlines
heavy erosion or accretion can overshade the effects of the long term sea level variations
for many years. The numerous reports of increasing coastal erosion along the North
European coastlines during the last decades ate perhaps the result of a return of the
windclimate to the conditions at the beginning of this century, but now with higher
sea levels.

According to morpho-dynamic studies long term morphological consequences of
the seasonal variation in the dynamic parameters cannot be seen within the beach and
nearshore zone on sandy coasts. However, on the uppermost part of the beach, and
especially along the border between beach and marine foreland/hinterland, long term
results of aperiodic storms can be seen. This leads to the conclusion that general adjust-
ment of coastal morphology, due to long term variations, does not occur gradually but
spasmodically during high energy conditions. On coasts with non-balanced sediment
budgets because of longshore transport or recent equilibrium processes, the morpho-
logical results of the seasonal variations in the dynamic parameters are more complex.

Systematic sea level recording in Denmatk has only been done during the last
90 years. Historical sources ate too unreliable to be used directly. On the other hand
historical events can be useful for indirect datings. Thus historical soutces and finds,
such as flooded dwelling sites and high-lying coastal elements and marine fossils, may
result in improved intetpretations of post-glacial shoreline variations. Such inter-
pretations may also benefit from including the knowledge of responses of more short
term sea-level fluctuations.
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