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Figure 11. The bathymetry of the spit area in the beginning of the
1870ies (A), in 1982 (B) and in 1991 (C). (C: The fat line markes the area
of the mapping performed in 1991. After NFNA, 1991. The contour lines
outside this area represent the 1982-situation).

tions depended on the visibility of the water column and the
quality of the photos. Six corrected and enlarged sets of pho-
tos from 1954 to 1988, Figure 12, were found useful for in-
terpretations. They show the following development:

1954: the spit is very distinct and well developed all over.
1961: the distal part has been eroded, while the remainder

part appears as stable and intact as in 1954. 1969: the north-
ern half of the spit is undisturbed from 1961, while the ero-
sion area have spread toward east and south. 1975: the spit
is widely destroyed. Traversing dark signatures and crescen-
tic dark spots in the northern and the distal part of the spit
indicate erosion—or destruction due to dredging activity.
1983: the spit is less well outlined than at any time prior to
this, according to contour-pattern, amount of sediments and
the size of the eroded area. The destruction may have contin-
ued up till now. 1988: only smaller parts of the spit are ob-
served. Comparing the 1954 with the 1988-situation, most of
the spit has disappeared, or—more correctly—most of the
spit-surface has been eroded to a lower level (BINDERUP,
1991b).

The Subaerial Part of the Spit

Figure 13 shows the length of the spit in the eleven years
referred to. The length is defined as the distance from the
shoreline in W to the ruin in E. Even though the data only
presents 11 point measurements made in a time span of 34
years, there is a pattern in the data.

The maximum spit lengths are reduced in size throughout
the period (Figure 13). On the contrary, the proximal part of
the spit shows a tendency to grow. This indicates a progres-
sive narrowing of the variability. A continuous and abundant
sediment supply, primary from the erosion of the north facing
bluff, to the proximal part of the spit, is the reason for the
growth in this inner section. This agrees with the results pre-
sented in NFNA (1991), which show a net sedimentation in
the inner spit area from the beginning of the century till
1991.

The submerged distal part of the spit area has been eroded
throughout the period 1954-1988. This applies both to ele-
vation and width of the spit (Figures 11 and 12). NFNA
(1991) explains the erosion of the outer spit area as a con-
cequence of several factors. It is presumed that the spit area
was kept intact (situation A, Figure 11) by sediment supply
from both sea cliffs, and that the sediment transport across
the spit could take place in both directions (north and south)
depending on the wave situation. In the period 1922-1961
the retreat of the north and the south facing sea cliff was of
almost equal size, amounting to more than 20 meters each
(BINDERUP, 1991a). From 1954 to 1988 the south facing cliff
was almost stable, while the erosion rate of the north facing
sea cliff was larger than in the first period studied (BINDE-
RUP, 1991b). This decrease in sediment supply from the south
facing sea cliff to the southern part of the spit has resulted
in deterioration of the spit. Dredging of nearshore materials
from the northern part of the spit has resulted in very steep
gradients, a deepening of the sea bottom in this area (Figure
11C), the development of new sediment transport routes, i.e.
current channels crossing the spit (Figure 3), and an inten-
sified erosion (NFNA, 1991).

PREDICTING FUTURE COASTAL CHANGES—A
DISCUSSION

From the analysis it is obvious, that it is difficult to ascribe
past coastal changes to have been induced by single natural
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Figure 12. The evolution of the submerged part of the spit, from 1954 to 1988, as interpreted from aerial photographs. The fat dashed line represents
the limit of the visible submerged spit-area, and is not a direct expression of the stability of the spit. The dark signature (1961, 1969 and 1975) represent
depressions and hollows in the surface. (After Binderup, 1991b).
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Figure 13. The length of the subaerial part of the spit. Measured on 11
aerial photographs from different years in the period 1954 to 1988.

or anthropogenic causes and to quantify these. The size of
the shoreline erosion (1954-1988) differs from place to place.
The former recession of the southern bluff has slowed down
a few decades ago, while the northern bluff is still retreating.
The eastern shoreline was eroded almost continously from
1954-1988, while the vegetated area of the foreland had a
net increase throughout the period; and the erosion of the
spit area was accellerated from c. 1975 onwards.

The anthropogenic causes for the sea cliff erosion have
ceased now and the dredging from the spit area had almost
stopped in 1992 and is prohibited from 1994. So, all the an-
thropogenic activities, directly threatening the coastal zone,
are at the present neglective, and the prediction of future
coastal changes can concentrate on the natural causes.

Sea level records from six tide gauge stations in the interior
Danish waters (1890-1990) documented, that there is a pe-
riodic oscillation in the sea level, which is suggested to be
connected with sunspot activity, and which clearly dominates
the oscillation of the nodal tide (Figure 14A). Moreover, it was
demonstrated that an enhanced sea level rise has taken place
after 1974 (BINDERUP and FRricH, 1993).

From Figures 2 and 7 it is seen that there is some cyclic
variation in the wind energy too. Figure 14B illustrates the
sum of the wind energy from SW, W and NW (the directions
of largest variation) together with the sunspot activity. Ac-
cording to CURRIE (1981), there is a delay between sunspot
activity and the sea level of 3.6 * 0.1 years. This is why the
sunspot activity curve (in both figures) is displaced 3.6 years
back in time.

From the late 1890’s to about 1960 a coherence between
sunspot activity and the variation in the westerly wind en-
ergies is apparent, with a deviation around 1920. In the pe-
riod from 1960 to 1988, the curves are opposite in phase or
displaced by a period other than 3.6 years. A condition that
characterized the later part of sea level variations too. Ob-
viously, the connection between sunspot activity and the
wind energy is even better than the connection between the
sunspot activity and sea level variations. This fact supports
the suggestion of CURRIE (1981), that the mechanism for the

1900 1920 1940 1960 1980
Year

Figure 14. (A) Sunspot activity and the sea level variations. Dashed line:
the sunspot activity. Solid, thick line: the mean, detrended sea level vari-
ations of the interior Danish waters, e.g. the Kattegat. Thin line: the
theoretical nodal tide. (After Binderup and Frich 1993). (B) Sunspot ac-
tivity and the variation of wind energy from westerly directions. Dashed
line: the sunspot activity. Solid line: the sum of wind energy from NW,
W and SW; =4 B. Both figures depict the sunspot activity curve displaced
3.6 years back in time. All curves are shown after a 5 year running mean
of data.

11-year cycle in the sea level variations may be sought in the
large tropospheric circumpolar vortex of westerly winds,
which, at our latitude to a large extent govern the cyclonic
activity (ABILD and NIELSEN, 1991). The post-1960 discrep-
ancies in the wind energy variations stresses the need for a
closer examination of the subject, as pointed out by BINDE-
RUP and FricH (1993). The discrepancies are possibly caused
by greater climatological changes, primary a substantial in-
tensification of the midlatitude westerly winds in recent de-
cades, as documented by KNOCHE (1991). These changes
most probably disturb the fine balance between sunspot ac-
tivity and wind energy and sea level variations, respectively.

Concurrently with the recent rise in sea level and the
changing wind climate (Figure 7) a trend toward an increased
variability in the sea level is found too. DUUN-CHRISTENSEN
(1990a,b) calculated the trends of annual maxima and mini-
ma and concluded that at most places in Denmark large max-
ima became more frequent and higher, and that the max-min
range had increased, indicating larger variability during the
last few decades.

When predicting future natural coastal changes a normal
procedure is to extrapolate past trends estimates using one
or several prediction models: Linear Regression (LR), the End
Point Rate (EPR) model, a Nonlinear Polynomial Regression
(NPR), or—very recently introduced—a Robust Linear Pre-
diction model (RLP), see FENSTER et al. (1993). However,
none of these methods are suitable in the case of Vejrg. The
LR and the EPR models are useless for the spit area and for
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the sea cliffs, because the disintegration of the spit area has
been a combined effect of natural causes and dredging of sea
bottom materials. Therefore, an extrapolation of the past de-
velopment would be speculative. The past sea cliff erosion
rates have changed during the period studied, but the exact
time of the change is unknown. This also hampers the use of
the methods mentioned. Otherwise, both methods might
come up with a realistic estimate concerning the future
changes of the shoreline of the eastern part of the island,
provided that no further drastic changes in the wind and
wave climate will take place.

Moreover, the coastal displacement data set of Vejrg, how-
ever, neither contain a statistically acceptable sample size
nor spans an appropiate time period in order to justify the
use of the NPR or RLP models for the purposes of extrapo-
lation. In spite of these problems, it may still be possible to
predict the future coastal changes tentatively.

Although the dredging activity has almost ceased, the spit
area is still out of balance. According to NFNA (1991) the
dredging has resulted in very steep gradients, a lowering of
the sea bottom in this area, and a negative sediment budget.
If the observed current channels crossing the spit are per-
manent features, and if the bottom and sides of the channels
consist of erodable sediments, which is to be expected, it is
only a question of time before most of the remainder part of
the spit is eroded.

If the recent rise in the sea level and tendency towards
stronger winds, as well as the variability of the sea level will
proceed in the future, a renewed erosion of the south facing
sea cliff, and an enlarged recession of both the northern bluff
and of the eastern shoreline must be expected. Otherwise, if
sea level and climate conditions will stabilize or improve, pro-
tective platforms in front of the cliffs might develop and the
cliff recession may slow down or even stop. Correspondingly,
the eastern shoreline might stabilize or perhaps prograde.

CONCLUSIONS

The net shoreline displacements at Vejrg observed from
1954-1988 show large local differences, depending on the
character of the coastal section and on the orientation. The
N and E shoreline receeded by a maximum of 30 and 66 m
respectively, while the S and SW shoreline were allmost sta-
ble throughout the period. The recession of the northern
shoreline is reflected in the retreat of the sea cliff. The total
erosion of the north facing bluff was almost 200,000 m?, and
the largest retreat of the bluff edge was approx. 19 m, or 0.5
m/year.

Wind data are characterized by a cyclic variation in the
energy from the westerly directions. From ¢. 1900 to ¢. 1960
there is a convincing coherence between the sunspot activity
and the wind energy. This relation might be an important
part of the explanation for the connection between sunspot
activity and the sea level variations of the interior Danish
waters, recently demonstrated by BinpDERUP and FricH
(1993). During the last few decades, the rate of sea level rise
has increased, while wind energy also increased, and the con-
nection to the sunspot activity is disturbed. The erosion of

the northern shoreline and the bluff is ascribed to this in-
crease of the wind and wave energy and to the sea level rise.

This caused the recession of the eastern shoreline too. In
spite of the shoreline erosion in this part of the island, the
vegetated area of the beach ridges actually expanded. There-
fore it must be concluded, that the use of one single indicator
of the land-sea interface for historical shoreline comparison
studies might result in misleading conclusions.

The south facing sea cliff was eroded earlier in this century,
but in the 1954-1988 period the total erosion was only about
20,000 m?® or 1/10 of the northern sea cliff. The largest retreat
of the sea cliff edge was only ¢. 6 m, hardly exceeding the
accuracy of measurement, and reflecting the stability of the
shoreline. The reason why the southern part of the island was
allmost stable in spite of the increase of wind and wave en-
ergy from the SW and SE directions during the period, is
explained by low sea level which is normally associated with
southerly wind directions.

The submerged distal part of the spit area was densely
eroded throughout the period, in particular since the mid
1970’s. Although the length of the subaerial part of the spit
is fluctuating according to variations in sediment supply and
in sea level, the entire spit length is getting progressively
shorter. The disintegration of the spit area is caused by a
reduction in the sediment supply from the erosion of the
southern sea cliff and by dredging of sea botton materials
from the outer spit area. Current channels crossing the spit
have formed, and the sediment transport directions have also
changed. Under these conditions, a reestablishment of the
spit area is solely hypothetical.

With the changed spit configuration and recent change in
both sea level rise and wind energy, an estimation of future
coastal displacements would be purely specualtive.

ACKNOWLEDGEMENTS

The author wish to thank A. Kuijpers, Niels Nielsen and
Poul Erik Nielsen for valuable discussions and comments
during the preparation of the paper, and The National Forest
and Nature Agency for permission to publish the present
study. Thanks go to the Danish Department of Coastal En-
gineering, The National Forest and Nature Agency and to the
Danish Research Academy, which funded this study.

LITERATURE CITED

ABILD, J. and NIELSEN, B., 1991. Extreme Values of Wind Speeds in
Denmark. Risg National Laboratory, Denmark, 105p.

BinpERUP, M., 1991a. Kysteendringer pa Vejre, 1922-1988. Pilot-
projekt “Vejrp.” Delrapport 1. Unpubl. report. Skov- og Naturstyr-
elsen, Denmark, 28p.

BinperUP, M., 1991b. Kysteendringer pa Vejrg, 1954-1988. Pilot-
projekt “Vejrg.” Delrapport 2. Unpubl. report. Skov- og Naturstyr-
elsen, Denmark, 14p.

BinperUP, M. and FricH, P., 1993. Sea-level variations, trends and
cycles, Denmark 1890-1990: proposal for a reinterpretation. Ann.
Geophysicae, 11, 753-760.

Birn, E.C.F., 1993. Submerging Coasts. The Effects of a Rising Sea
Level on Coastal Environments. Sussex, England: Wiley, 184p.

CAPPELEN, J.; FrIiCcH, P., and ROSENGRN, S., 1989. The Climate of
Denmark 1988. Copenhagen, Denmark: Danish Meteorological In-
stitue.

Carrer, RW.G., 1982. Recent changes in sea-level on the North and

Journal of Coastal Research, Vol. 13, No. 2, 1997



428 Binderup

East coasts of Ireland and associated shoreline response. Proceed-
ing Royal Irish Academy 82B, 177-187.

CARTER, R.W.G., 1988. Coastal Environments: An Introduction to the
Physical, Ecological and Cultural Systems of Coastlines. London:
Academic, 617p.

CHRISTIANSEN, C., 1985. Nutidige @ndringer i middelvandstand.
Dansk geol. Foren., Arsskrift for 1984, 15-20.

CHRISTIANSEN, C. and BowMan, D., 1986. Sea-level changes, coast-
al dune building and sea drift, North-Western Jutland, Denmark.
Geografisk Tidsskrift, 86, 28-31.

CHRISTIANSEN, C. and BowMman, D., 1990. Long-term beach and
shoreface changes, NW Jutland, Denmark: Effects of a change in
wind direction. In: BEUKEMA, J.J. et al. (eds.), Expected Effects of
Climatic Change on Marine Coastal Ecosystems. The Netherlands:
Kluwer, pp. 113-122.

CHRISTIANSEN, C.; CHRISTOFFERSEN, H., and BiINDERUP, M., 1992,
Coastal and nearshore erosion at Vejrg, Denmark: combined ef-
fects of a changing wind-climate and near-shore dredging. Inter-
national Coastal Congress (Kiel-92), 10p.

CHRISTIANSEN, C.; MOLLER, J.T., and NIELSEN, J., 1985, Fluctua-
tion in Sea-Level and Associated Morphological Response: Exam-
ples from Denmark. Eiszeitalter u. Gegenwart, 35, 89-108.

CroweLL, M.; LeATHERMAN, S.P., and Buckiry, M.K., 1991. His-
torical shoreline change: Error analysis and mapping accuracy.
Journal of Coastal Reserch, 7(3), 839-852.

CuRRIE, R.G., 1981. Amplitude and phase of the 11-year term in sea
level: Europe. Geophysical Journal Royal Astronomical Society, 67,
547-556.

DuuN-CHRISTENSEN, J.T., 1990a. Langtidsvariationer af havspejlet
ved de danske kyster. In: BucH, E. and SorenseN, M1 (eds.),
Preesentationer ved det sjette danske havforskermpde. Miljgpminis-
teriet. Danmarks Miljpundersggelser, pp. 37-46.

DUuUN-CHRISTENSEN, J.T., 1990b. Long-term variations in sea level
at the Danish coast during the recent 100 years. In: BRUUN, P.
and JacoBsEN, N.K. {(eds). Proceedings of the Skagen Symposium.
Journal of Coastal Research Special Issue No. 9, pp. 45-61.

EmERy, K.O. and Kunn, G.G., 1982. Sea cliffs: Their processes, pro-
files and classification. Geological Society of American Bulletin, 93,
644-654.

FENSTER, M.S.; DoLaN, R, and ELDER, J.F., 1993. A new method
for predicting shoreline positions from historical data. Journal of
Coastal Research, 3(1), 147-171.

GornNITz, V. and KANCIRUK, P., 1989. Assesment of coastal hazards
from sea level rise. Coastal Zone ‘89 (ASCE) pp. 1345-1359.

HouMARK-NIELSEN, M., 1987. Pleistocene stratigraphy and glacial
history of the central part of Denmark. Bulletin Geological Society
Denmark, 36, 1-189.

Huiskes, A.H.L., 1990. Possible effects of sea level changes on salt-
marsh vegetation. In: BRUKEMA, J.J. et al. (eds.), Expected Effects
of Climatic Change on Marine Coastal Ecosystems. The Nether-
lands: Kluwer, pp. 167-172.

JELGERSMA, S.; VAN DER Z1JP, M., and BRINKMAN, R., 1993. Seal-
evel rise and the coastal lowlands in the developing world. Journal
of Coastal Research, 9(4), 958-972.

KAKKURI, J., 1986. Newest results obtained in studying the Fennos-
candian land uplift phenomenon. Tectonophysics, 130, 327-331.
KNocHEi, H.R., 1991. Analysis of Northern Hemisphere circulation
patterns and tropospheric temperatures, 1949-89. Annales Geo-

physicae, Suppl. to Vol. 9, p. C122.

KoMaRr, P.D., 1976. Beach Processes and Sedimentation. London,
Prentice Hall, 429p.

Komagr, P.D., 1983. Beach processes and erosion—an introduction.
In: KoMAR, P.D. (ed.), CRC Handbook of coastal processes and ero-
sion. Boca Raton, Florida: CRC Press, pp. 1-20.

Komag, P.D. and SHiu, S.M., 1993. Cliff erosion along the Oregon
Coast: A tectonic - sea level imprint plus local controls by beach
processes. Journal of Coastal Research, 93}, 747-765.

KuHN, G.G. and OsBornNg, R.H., 1989. Historical climate fluctua-
tions in southern California and their impact on coastal erosion
and flooding: 1862 to present. Coastal Zone 89 (ASCE), pp. 4391-
4405.

McGreat, W.S., 1979. Marine erosion of glacial sediments from a
low-energy cliffline environment near Kilkeel, Northern Ireland.
Marine Geology, 32, 89-103.

Misporp, R.; STevAERT, F., and Ronpe, J., 1990. Climatic change,
sea level rise and morphological development in the Dutch wadden
sea, a marine wetland. In: Brukema, J.J. et al. (eds.), Expected
Effects of Climatic Change on Marine Coastal Ecosvstems. The
Netherlands: Kluwer, pp. 123-131.

Nr¥Na, 1987. The National Forest and Nature Agency, 1987. Ha-
vbundsundersggelser. Rastoffer og fredningsinteresser. Samsg-
Nordgst. English summary. Miljgministeriet. Skov- og Naturstyr-
elsen, 90p.

N¥Na, 1991. The National Forest and Nature Agency 1991. Vejrg
NV-rev. Kysthydraulisk undersagelse. Unpubl. report. Miljgmin-
isteriet, Skov- og Naturstyrelsen, 20p.

NIELSEN, J., 1990. Zndringer i vindklimaet i de sidste 30 ar og den
kystmorfologiske respons. In: Bucti, E. and SoreNskN, M.L
(eds.), Praesentationer ved det sjette danske havforskermede. Mil-
joministeriet. Danmarks Miljounderspgelser, pp. 69-75.

ORFORD, J.D.; CARTER, RW.G., and Forsrs, D.L., 1991. Gravel bar-
rier migration and sea level Rise: Some observations from Story
Head Island, Nova Scotia, Canada. Journal of Coastal Research.
7(2), 477-490.

PaeTzEL, M. and SCHRADER, H. (in script). Recent facies change in
the Store Lungegardsvannet (Western Norway): A swift from oxic
to anoxic bottom conditions. In: Dr. scient. thesis by M. Paetzel,
University of Bergen, Norwey, 1993: Actuo-geological sedimenta-
tion in Norwegian coastal and flord environments, 26p.

SCHEFFNER, N.W., 1989. Dune erosion-frequency of storm occurence
relationships. Coastal Zone '89 (ASCE), 595-606.

SIEFERT, W, 1990. Sea-level changes and tidal flat characteristics.
In: BEUKEMA, J.J. et al, (eds.), Expected Effects of Climatic
Change on Marine Coastal Ecosystems. The Netherlands: Kluwer,
pp. 105-112.

SUNAMURA, T., 1983. Processes of sea cliff and platform erosion. In:
KoMAR, P.D. (ed.), CRC Handbook of coastal processes and erosion.
Boca Raton, Florida: CRC Press, pp. 233-265.

SuNaMURA, T., 1992. Geomorphology of Rocky Coasts. Chichester,
England: J Wiley, 302p.

Journal of Coastal Research, Vol. 13, No. 2, 1997





