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In 1985 and 1986 monthly surveys of sediment volumes were
carried out on a sandy beach and its nearshore plaiform at the
north coast of Zealand. Both winters in the research period had
temperatures below average, and consequently abundant sea ice
formations, "Ice winters' in open Danish waters occur statistically
about 1/3 af the winters. The appearance of sea ice resulted in
marked loss of sediment from the whole littoral zone, but by far the
largest net erosion could be detected on the nearshore plane. An
important factor is assumed to be the interaction of waves with the
icefoot and ice pile-ups. For the beach iiself, ice-glazing of the
beach surface and interstitial frost in the foreshore sediments
caused wave erosion within and just off the swash zone due to
variations of the percolation parameter. This dynamic was ob-
served during both the freeze-up and thaw-up periods. On the
backshore, wind-derived forms characterized the winter beach, but
here Uhe net sediment budget was less affected.
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In arctic and sub-arctic regions frost and sea ice affect the
coastal geomorphology both directly and indirectly. The
appearance of fast ice, or drift ice, eliminates or reduces
the waves, and polar coasts are therefore classified as
low-energy coasts. Directly, sea ice may interact with the
coast by erosion, deposition or protection of the forms.

In the initial freeze-up phase, spray water may glaze the
morphology, and snow and icefoot formations will pre-
serve the beach forms. Drifting ice floes contain an enor-
mous energy and may plough furrows in the sea bed and
groove the beach with resulting ice-pressed ridges. Su-
spended sediment in the wave swash may be interbedded
in the icefoot and ice floes rafting frozen sediment may be
thrown up on to the beach and add materials to this part of
the littoral zone.

During the last few decades many works have appeared
on the role of ice in coastal geomorphology, and compre-
hensive reviews have been elaborated by John and Sug-
den (1975), Dionne (1976,1979), and Kovacs and Sohdi
(1980).

Fig. 1. Location of the study area on the north coast of Zealand.

The vast majority of ice-coast observations are made at
high latitudes and in polar regions, but Reinson & Rosen
(1982)and Gordon & Hansom (1 985) indicate that sea ice
may influence the coastal geomorphology considerably
below the subarctic as well.

Great Britain and the western Sovjet Union are charac-
terized by a maritime and a continental temperate
climate, respectively. Denmark (56°N.lat., 12°E.lon.) is
situated in between, and the average temperature of Ja-
nuary is about -0.1°C. Westerlies predominate and bring
mild and humid air-masses from the relatively warm
ocean currents penetrating the North Sea. This means
that marginal oscillations in climatic conditions decide
whether the Danish sea waters freeze or not. Even though
winters with extensive sea ice occur aperiodically in Dan-
ish sea waters, recent coastal research has shown that
"jce-winters” may interfere in the development of the
coastal profile,

It is striking that the majority of the investigations and
observations concentrates on the influence of ice on the
beach morphology. But how is the interaction with the
nearshore zone? Dionne (1968, 1969, 1973, 1979, 1981
and 1984) describes in detail ice action and the morpho-
logical consequences on tidal flats at St.Lawrence estuary.
Apart from his works observations off the coastline are
sparse, and those who have seen the dramatic environ-
ment in periods when ice floes crunch and scrape against
each other, understand the reluctance to make observa-
tions in this area.

The present investigation revealed that icefoot and ice
pile-up on the nearshore sea ice interacted with the near-
shore wave regime during open water conditions. Mor-
phologically this meant a general lowering of level on the
inner nearshore terrace. The field observations also
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Fig. 2. Bar charts showing net sediment volume changes for
consecutive surveys before, during, and after the ice-winters
1984-85 and 1985-86. Survey dates in 1984-85 were: 25/10,
21411, 20/12 - 1/4, 9/5 and 20/6. In 1985/86: 25710, 14/11,
11/12, 22/1 - 2043, 28/4 and 20/5.

showed that frost in the beach sediments and the glazing
of the beach face prevented percolation in the swash zone
and thereby increased the littoral sediment exchange
close to the shoreline.

PHYSICAL ENVIRONMENT ALONG THE
NORTH COAST OF ZEALAND

The linear and aligned coast of North Zealand is created
in glacial till and meltwater deposits interrupted by stret-
ches of postglacial marine sediments. The coastline re-
treats and the coastal scenery are characterized by cliff
erosion with an offshore wavecut platform. Large areas of
the nearshore zone expose pavement and clay, but in
many places the surface is superimposed by thin layers
(0.1 to 2 m) of fine sand. Beach sediments range from sand
to cobbles, and the amount of mobile material changes in
time and space.

Due to cyclons moving from west to east frequent
storms hit the coast during the months of autumn. Norm-
ally the storm situations are associated with a rise in
sea-water level of more than 1.5 m (astronomic tide is
only 0.2 m).

Lirnited fetches restrict the wave parameters, and wave
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periods exceeding 5 sec. are rare, and swell does not occur,
Significant wave heights of 2 m are common and Hsmax =
3.5 m is recorded. Because of the predominating wind
from west and northwest net longshore sediment tran-
sport is pronounced with a rate of about 40,000 m*/year.

Kattegat, fig.1, is not covered by fast sea ice every year.
Only during winters when high pressures stabilize in the
southern part of Scandinavia, the water cools down be-
cause the influence is cut off of the relatively warm North
Sea water. Winters with sea ice formations are therefore
aperiodic and named "ice-winters”. According to the Na-
tional Sea Ice Service (1987) sea ice formations at the
north coast of Zealand have been recorded in 22 winters
during the period 1929/30 to 1986/87.

Even during ice winters permanent, fast sea ice through
all the winter months are rare. The wind direction changes
very frequently and cause break-up of the sea ice; thus 3-6
m ridges of piled-up ice on the sea ice and along the
coastline are the common picture.

FIELD METHODS AND -OBSERVATIONS

In connection with a small-scale beach nourishment pilot
project (25,000 m?), fig. 8, a number of follow-up invest-
igations were carried out of the pumped in sand and the
development of the adjacent coastal stretches. An impor-
tant task was to determine the erosion rate of the deposi-
ted amounts of sand (mean grain-size of added material
was 300 | against the abt. 125 p, which are natural for
the area).

Through a 2-year period the nourished area was sur-
veyed about once a month within a fixed section (300x 75
m), The survey procedure was tachmetry of approxima-
tely 300 xyz-coordinates in fixed lines, and a modified
computer program ("COMA™) produced contour maps
and calculated positive, negative, and net velumes and
the areal redistributions since the preceding survey and to
an initial reference surface.

The determinations of volume showed a "half-life” pe-
riod of approximately one year and, without going into
details, the erosion rate was found to be closely correlated
to the variation in wave- and water level conditions be-
tween the individual surveys.

The total observation period lasted from April 1984 to
September 1986 and thus comprised two winters, both of
which developed into ice winters. During the first winter
initial sea ice formations showed up at the end of De-
cember, and mid-January the sea was covered by fast ice.
With exception of a few and brief periods when the ice
broke up and drifted, the ice cover lasted until the middle
of March, i.e. roughly for 3 months. In the winter of
1985-86 the sea did not freeze until mid-February and
several periods occurred with ice drifting until the thaw
set in towards the end of March.

The first survey (1 April, 1985) after the disappearance
of the ice recorded a conspicuous drop in the total



amounts of sediment as compared with the last survey
before the sea was covered with ice (20 December, 1984),
see fig. 2a. The high loss figures were first interpreted as a
data collection error, since the wave activities were elimi-
nated while the sea was covered with fast ice, and mo-
reover did the brief ice-free periods not coincide with
situations with strong onshore winds or storms.

The following ice winter (1985-86) the coastal develop-
ment was closcly followed. Total surveys of the ice-and
snow-covered nourished area were impossible, and re-
cords of water levels and waves are missing. In return, the
dynamic effect of the sea ice was closely observed and a
few profile measurements were carried out which also
included the ice and snow forms on the beach, cf. fig. 4.

RESULTS

When comparing the fluctuations in sediment volume
within the study area during the two ice winters, it is
conspicuous that marked losses of sediment were recor-
ded for both winters, cf. fig. 2a and b. This development
was surprising the more so because the calculations
showed that during the same periods the net longshore
material transport was weak or slightly southwest-going,
i.e. opposite the usual direction for this area.

In absolute figures the loss was 3,680 m? for the 1985-
winterand 4,700 m* for the 1986-winter. For comparison,
it can be stated that an unusual severe gale in September
19835 "only” resulted in a net loss of 2,290 m*>.

It is astonishing that the losses in sediment are of the
same magnitude for the two winters, although the dura-

VARIATIONS IN LEVEL DISTRIBUTION,
HALD STRAND, NORTH ZEALAND. BEACH NOURISHMENT 1984 - 1386

tion of ice cover differed. Common for winters with sea
ice formations is, however, the similar morpho-dynamic
during the phases of freeze-up and thaw-up.

In spite of the limited observations it can tentatively be
assumed that the morphological development just in
these periods influence largely the net sediment exchange.

Comparison between loss of sediments and the study
area’s changing distribution of levels recorded for the two
ice winters, fig. 3, clearly shows that the erosion mainly
takes place on the nearshore; this was especially due for
the winter 1985-86,

Simultaneously with this development the morphology
of the beach displays a high degree of stability concerning
the net material budget, which means that erosion and
deposition only take place in a small scale or counterbal-
ance each other in this part of the littoral zone.

To clucidate the question why so large quantities of sand
are removed from specific subzones in the study area, its
special morphological and dynamic conditions must be
focussed upon, not only during the freeze-up and thaw-up
phases, but also during the intermediate periods with sea
ice.

The icefoot

At a time during the lowering of sea-water temperature
the swash is freezing almost immediately when it hits the
beach face, such as described in detail by Short & Wise-
man (1974), and a so-called "slush icefoot™ will be created
{Wright and Priestly 1922). Typically, this develops dur-
ing periods with calm wave conditions and relatively low
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Fig. 3. Time series showing the development in the distribution
of the different levels expressed in percentages of the total study
area. The diagram is based on hypsographic calculations from
the survevs and therefore reveals where and when general
changes in the morphology take place. Minor and local alter-
ations in the beach- and nearshore forms are filtered out.
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MNotice the landward movement especially of the contours be-
low -0.2 m DNN (Danish Ordnance Datum} during the winter
months, while the contours above this level simultaneously got a
steady position. Apparently the -0.6 m contour is unaffected
during Jan., Febr. and Marts 19835, maybe because nearshore was
covered by fast ice even during periods, when the sea ice broke.
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water level; such situations are frequent during the winter
because of the stable high pressures (which are also a
precondition for sea ice formations in Danish waters) and
normally these induce weak winds and low water-level,
the latter also due to the cooling down of the sea water.

The icefoot is built up of wave wash, maybe filled with
slush ice, and finally develops into a vertical ice wall,
often with an overhang, fig. 5. The icefoot’s growth conti-
nues during situations with high water level and wave
wash-overs to heights of abt. 1-1.5 m, figs 9a and b. When
sea ice has developed, the wave action will be eliminated,
and the growth of the icefoot ceases. But during strong
offshore winds, which may occur even in periods with
lasting cold, the sea ice breaks up and drift away from the
coast and the icefoot may continue to grow.

Foreshore erosion during freeze-up and thaw-up

When the frost period sets in the humid sand on the
backshore will rapidly freeze, cf. fig. 9 a. The sea water’s
salinity in this part of Kattegat is abt. 20 %o and has not
vet reached freezing point. The erosion in the swash
zone's lower part will be intensified, because the amount
of water in the backwash is not reduced due to the elimi-
nated percolation in the upper part of the frozen fo-
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reshore. Formation of small cavities in the frozen surface
can be observed, see fig. 6. Fragments of frozen sediment
sheets, or even blocks, break off and disintegrate by the
following swashes or they may be thrown up on the beach
or are rafted away if the amount of ice embedded in the
sediments is sufficiently large (interbedded ice/snow or as
interstitial ice). If the freezing up coincides with a general
lowering of the water level, several erosion steps on the
foreshore can be seen. Each step may be 1-3 cm thick and
reflects sediment lamina deposited during different dyna-
mic conditions (different grain sizes and pore volumes,
see fig. 6).

In the thaw-up phase the ice will first melt in the sedi-
ments of the backshore. After the disappearance of sea
and icefoot there will still be frost for a short period within
and just above the swash zone. The percolation in the
upper part of the foreshore is therefore eliminated with a
consequent relatively vigorous backwash; loose material
immediately in front of the foreshore will be transported
seaward, fig. 4 eand 9 1.

Deposition on the beach
Although the general net sediment exchange during the
winter months is considered to be low, or slightly nega-



& TR
Fig. 5. Icefoot formation in an early phase (26/2 1986). The
vertical wall facing the sea is created by slush ice in the swash
zone. During break-up periods and open-water conditions the ice

foot will grow higher, but maintains the vertical front. {Photo: N.
Nielsen)

tive, fig. 3, deposited sediments may locally develop
forms on the beach.

Primarily the growth of icefoot is due to spray water
from surging breakers, which is typical for coasts exposed
to a non-tidal environment (Joyce, 1950). When the
waves hit the more or less vertical front of the icefoot,
large quantities of sediment will be suspended, and the
sediment-loaded water washing over the icefoot may give
this a dark colour. A typical transection of the icefoot will
therefore show alternating layers of ice-filled sand and
pure ice and snow, fig. 9 d.

Superimposed and within the icefoot there might, lo-
cally, be concentrations of sediment, deposited en bloc as
fragments of frozen sediment sheets. During the freeze-up
phase the waves cut into the ice-layered foreshore, and the
broken off pieces of sediment are thrown up upon the
icefoot, fig. 6 and fig. 9 b.

In the study area eolian activities influenced the surface
of the backshore during both winters which to some ex-
tent disagrees with observations from Alaska (Short &
Wiseman, 1974). Thus it was observed that only the upper
sand layer was frozen, and in periods when the wind
removed the snow, evaporation was sufficiently high to
sublimate the ice and exposed the sand to wind transport.
When the frozen sand layer disappeared, large deposits of
sand were available for drifting. However, these deposits
were limited to the central part of the backshore, because
other non-marine processes also influenced the frost ce-
menting of the beach. In particular, water extruding from
the coastal cliff created a massive and stable body of ice
due to the limited sun insolation at the foot of the north-
facing cliff. The depth of the frost is unknown, but this
area was the last to thaw in the spring.

Fig. 7. Large dune formation on the backshore along the cliff foot,
composed by alternating beddings of snow-, sand- and snow-
sand mixture. The dune was built up during the winter 1985,
(Photo: N. Nielsen)

Long tongues of sand extended from the backshore and
over the icefoot, and locally even farther out on the sea
ice. Along the coastal cliff a more than 1 m high dune was
formed, fig. 7, composed of alternating layers of sand,
snow and sand/snow mixture. Especially the latter were
typical and thus emphasize the importance of snow as
transporting agent, “niveo-eolic”, such as described by
Koster & Dijkmans (1987).

Nearshore erosion

The reason for the recorded loss of sediment on the near-
shore in the winter months is primarily assumed to origi-
nate from the specific wave conditions induced by the

Fig. 6. Wave erosion in a partly frosen foreshore due to textural
differences in the sediment laminae. The exposed and frosen
sediment layers break off because of undercutting and are thrown
up upon the beach, The fence is 1.2 m high. (Photo: N. Nielsen)
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formation of the icefoot and ice pile-ups during open
water phases.

Normally, the swash zone on a sandy beach is sloping 3-7
degrees and this zone acts as a buffer against the incident
wave energy. According to Wright and Thom (1982) the
gradient of the foreshore is of vital importance for the
dynamics of the nearshore; steep foreshore slopes allow
higher wave energy to be transported towards the coast-
line.

After formation of the icefoot, the foreshore is trans-
formed into a vertical ice wall, and the incident wave
energy is almost completely reflected. Even during mode-
rate wave situations, the reflective conditions exist. On
the inner nearshore the increased turbulence results in
suspension of sediments affecting a zone, the size of which
depends on the actual wave sizes, The amount of material
available for transport is thus markedly increased.

During both ice winters a pronounced element in the
coastal scenery were heaps of pack ice. Most frequently
they were placed on the sea ice 100-150 m off the coastline
and were observed as interrupted, 2-4 m high ridges pa-
rallel to the coastline. The location of the ice pile-ups
corresponded to the position of the largest breakpoint bar,
and as the water depth in this part of the coastal profile is
only abt. 1 m, it is supposed that the ice pile-ups rested on
the sea bottom. Between the icefoot and the ice pile-ups
the sea ice was even and undisturbed, and no pile-ups
were observed on the beach in the study area.

The stranded ice pile-ups formed almost vertical walls
facing open water during the temporary break-up periods,
and towards the end of the winter when the offshore sea
ice had disappeared, this interim coastline was characte-
ristic, fig. 8.

The diagram, fig. 3, displays the development in redi-
stribution of levels in the investigation area. As it appears
the nearshore off the -0.8 m contour is lowered, and it is
assumed that the wave climate close to the ice margin has
been extremely reflective, fig. 9 ¢, with a consequent in-
tensification of the erosion — after the same model as

described for the sea bottom along the icefoot.

Pack-ice disturbance of the sea bottom

When drifting towards shallow sea floors pressured pack-
ice floes may affect the sediments of the sea bottom (Ko-
vacs & Mellor 1974), Observations in the study area also
indicated that pressure from large ice floes are able to
push stranded ice pile-ups en bloc on the nearshore,
maybe in combination with a rise in sea level.

Shortly after the sea ice disappeared, underwater obser-
vations by SCUBA equipments revealed that the wave-
resistant abrasion platform paved with cobbles had evi-
dently been disturbed in the same areas where ice pile-ups
were recorded. This means that the ice is obviously cap-
able of moving stones and blocks and thus expose the
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Fig. 8. View towards northeast of the beach nourishment site in
Marts 1985. Sea ice still covers the nearshore zone and creates an
interim coastline in front of which ice pile-ups can be seen.
(Photo: N. Nielsen)

underlying till (clay, silt, sand, and gravel) which can now
be eroded by waves and removed by currents. This obser-
vation leads to the conclusion that the level of the "solid”
sea bottom - which is generally considered stable — is
steadily exposed to erosion and, consequently, lowered.

CONCLUSIONS

During cold winters in Denmark - ice winters — sea ice is
a morpho-dynamic parameter just as important as for
higher latitude coasts. Frequent break-ups characterize
sea ice formation in Danish sea waters why morphological
consequences may be even greater in some respects,

The investigation at the north coast of Zealand demon-
strated that a number of small-scale and local form modi-
fications occurred on the beach during an ice winter, but
for the sandy coast in question the changes in the overall
beach morphology were short-termed, and significant
alterations in the net material budget were absent,

The nearshore acted differently thereby that it showed a
negative volume development. A reflective wave environ-
ment initiated by the icefoot and ice pile-ups (similar to
what happens in front of a vertical sea wall) is suggested to
be essential.

Concerning the Zealand north coast it is well known to
coastal geomorphologists and -engineers that the amount
and distribution of mobile sediments superimposing the
abrasion platform change with an aperiodical rhythmicity
during a number of years, but it is unknown why. Maybe
the present study is a key to an understanding, but further
investigations are necessary to verify the morpho-dy-
namic events in the littoral zone in ice winters to come.
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MORPHO - DYNAMIC STAGES
During freezing, sea-ice and thawing periods.
{in principle )

Fig. 9. Successive phases sea ice and [rost interaction with beach
and nearshore morphology, in principle.
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formation of the icefoot and ice pile-ups during open
water phases.

Normally, the swash zone on a sandy beach is sloping 3-7
degrees and this zone acts as a buffer against the incident
wave energy. According to Wright and Thom (1982) the
gradient of the foreshore is of vital importance for the
dynamics of the nearshore; steep foreshore slopes allow
higher wave energy to be transported towards the coast-
line.

After formation of the icefoot, the foreshore is trans-
formed into a vertical ice wall, and the incident wave
energy is almost completely reflected. Even during mode-
rate wave situations, the reflective conditions exist. On
the inner nearshore the increased turbulence results in
suspension of sediments affecting a zone, the size of which
depends on the actual wave sizes, The amount of material
available for transport is thus markedly increased.

During both ice winters a pronounced element in the
coastal scenery were heaps of pack ice. Most frequently
they were placed on the sea ice 100-150 m off the coastline
and were observed as interrupted, 2-4 m high ridges pa-
rallel to the coastline. The location of the ice pile-ups
corresponded to the position of the largest breakpoint bar,
and as the water depth in this part of the coastal profile is
only abt. 1 m, it is supposed that the ice pile-ups rested on
the sea bottom. Between the icefoot and the ice pile-ups
the sea ice was even and undisturbed, and no pile-ups
were observed on the beach in the study area.

The stranded ice pile-ups formed almost vertical walls
facing open water during the temporary break-up periods,
and towards the end of the winter when the offshore sea
ice had disappeared, this interim coastline was characte-
ristic, fig. 8.

The diagram, fig. 3, displays the development in redi-
stribution of levels in the investigation area. As it appears
the nearshore off the -0.8 m contour is lowered, and it is
assumed that the wave climate close to the ice margin has
been extremely reflective, fig. 9 ¢, with a consequent in-
tensification of the erosion — after the same model as

described for the sea bottom along the icefoot.

Pack-ice disturbance of the sea bottom

When drifting towards shallow sea floors pressured pack-
ice floes may affect the sediments of the sea bottom (Ko-
vacs & Mellor 1974), Observations in the study area also
indicated that pressure from large ice floes are able to
push stranded ice pile-ups en bloc on the nearshore,
maybe in combination with a rise in sea level.

Shortly after the sea ice disappeared, underwater obser-
vations by SCUBA equipments revealed that the wave-
resistant abrasion platform paved with cobbles had evi-
dently been disturbed in the same areas where ice pile-ups
were recorded. This means that the ice is obviously cap-
able of moving stones and blocks and thus expose the
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Fig. 8. View towards northeast of the beach nourishment site in
Marts 1985. Sea ice still covers the nearshore zone and creates an
interim coastline in front of which ice pile-ups can be seen.
(Photo: N. Nielsen)

underlying till (clay, silt, sand, and gravel) which can now
be eroded by waves and removed by currents. This obser-
vation leads to the conclusion that the level of the "solid”
sea bottom - which is generally considered stable — is
steadily exposed to erosion and, consequently, lowered.

CONCLUSIONS

During cold winters in Denmark - ice winters — sea ice is
a morpho-dynamic parameter just as important as for
higher latitude coasts. Frequent break-ups characterize
sea ice formation in Danish sea waters why morphological
consequences may be even greater in some respects,

The investigation at the north coast of Zealand demon-
strated that a number of small-scale and local form modi-
fications occurred on the beach during an ice winter, but
for the sandy coast in question the changes in the overall
beach morphology were short-termed, and significant
alterations in the net material budget were absent,

The nearshore acted differently thereby that it showed a
negative volume development. A reflective wave environ-
ment initiated by the icefoot and ice pile-ups (similar to
what happens in front of a vertical sea wall) is suggested to
be essential.

Concerning the Zealand north coast it is well known to
coastal geomorphologists and -engineers that the amount
and distribution of mobile sediments superimposing the
abrasion platform change with an aperiodical rhythmicity
during a number of years, but it is unknown why. Maybe
the present study is a key to an understanding, but further
investigations are necessary to verify the morpho-dy-
namic events in the littoral zone in ice winters to come.
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