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ABSTRACT
This paper describes a multidisciplinary German project dedling with the expected reection of
natura and socid conditions on theidand of Sylt (North Frisan Idands, German North Seq).
Climate change, i. e increesing of the mean sealevd (ML) and sorm activity, will influence the
coadd development of sandy idands like Sylt. To esimate the influence of dimate change a
numerica modd was usad to predict the development of the coadtline of Sylt idand. Data of
coadtd retrest are available from 1876 to 1997 and were measured each 500 m longshore (~70
profiles). Wave data are available from 1986 to 1997. The mode was calibrated and verified with
these data. The coadtd retreat was calculated to the year 2050 under the following scenarios
(Internationd Pand on Climate Change, IPCC): MSL +25cm; tidd range +25cm; wave height
+10%; wavedirection + 10°.
Accordingly, little changes in the Sylt coadtline configuration over the next S0y are expected
when the modern drategy (i. e nourishments) of western shore protection is maintained. In
contrad, if modern protection srategies are not maintained, sgnificant changes of the Sylt
coadtline configuration (both west and east coast) may occur due to partly dramétic erosiona
shore retreet in case of an assumed 10% increase of wave height and a 10° change of dl westerly
wind directions toward the north. Only moderate changes in coadtline configuration and week
erosond shore retreat can be expected when the wind direction isturned 10° to the south and the
wave height did not increese.

INTRODUCTION
Over the past two decades, public and scientific discussonsintensgvely stressed the conseguences
of anthropogenicaly induced globd dimetic changes for coastd zones affected by humen
activities. In case of globd warming, near-coadd indudtrid zones and human settlements are
endangered due to assumed sealeve rise and increased numbers of orm surges (e.g. von Storch
et d., 1998). From man's point of view it ismost sgnificant if changing dimeate has negative
impacts on people living in areas concerned by the consequences of climate change. In order to
optimise adaptation Srategies regarding dimate change and, furthermore, to develop and improve
Integrated Coastd Management (ICM) tools, we need an inventory of regiond environmenta
conditions as well as socio-economic and psychologica aspects of affected societies.

Theidand of Sylt (Fig. 1) isone of the most prominent and famous Sitesin western Europe
affected by coadtd retreat. Sylt is Stuated at the west coast of Schleswig-Holsen/Germany andis
directly influenced by wave attack. Syltisbuild up of Flio-Plestocene outcrops in the middle of
the idand between Kampen and the south of Westerland (fig. 6). The north seareached these
outcrops 7000 years ago a alevel round about 10 m below recent sealevel. The mean coadtd
retreat during the last 7000 years can be estimated by 1.5 m/a. Long spits developed from the
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outcrops to the north to Ligt and to the south to HGrmum Odde. In the protection of these spitsa
waddensea and amoory landscape developed. During the catastrophic storm surgesin the middle
age Sylt becomeared idand. Thefirst more or less redigtic map isfrom 1650 (Fg. 2). The
coadtline from 1240 is more or less schematic.

Fg. 1. Overview

The morphodynamic sysem of the west coast of Sylt idand is characterised by alongshore bar
and trough and ridge and runndl. Rip currents occur between 700 and 1400 m. The distance
between the longshore bar and beach is 200 to 400 m.

Tida currents are dominant (<- 10 m depth) seaward of the longshore bar with aresulting

sediment transport to the north (AHRENDT 1994). A complicated sediment exchange takes place
between longshore bar and beach with aresulting sediment loss to the north, northerly of
Westerland and to the south, southerly of Westerland (Fig. 3).
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Fg. 2: Sylt anno1240, 1650

Thefirg georeferenced map is from theyear 1870. The coastd retreat from 1870 to 1952 and
from 1952 to 1984 is shown in Figure 4. An increese in coastd retreat occurred from 1952 to
1984.

However, the generd coadtline configuration could be maintained since the middle of the 80ies

by nourishments. The sediment lossis round about 1 200 000 m3¥a. 800 000 m¥/a are lost between
the 20 m depth contour and the beach and 400 000 m3¥/a are lost by dune erosion. 800 000 m3/a
are logt to the north and 400 000 m¥/a are logt to the south, calculated by depth of dosure and map
andysis(Tab. 3).
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Fig. 4. Coadtd retreat from 1872 to 1984 (after ALR 1985)

Thewave dimate is measured continuoudy Snce 1986 & the 10 m depth contour and isshown in
table 1. Westerly wind between 247.5° and 315° are dominant. The maximum measured wave
height was round about 9 m.

The vulnerable idand has amulti-functional socio-economic character (eg. tourism) and is
covered by amixture of natura and culturd territaries Besides high level sandardsin living and
recregtion facilities, Sylt provides unique aspects of a biotope and offers perfect opportunities for
the devel opment and establishment of coastd protection techniques.

According to the IPCC (Internationa Pandl of Climatic Change) modd predictions, the mean

globd sealeve rise of 0.49 m until 2100 (congdering loca variaions) can dso srongly affect

theidand of Sylt and the adjacent region. Today, only little is known about regiond dimate

change and potentia conseguences on environmenta and socio-economic conditions. In order to
improve our understanding on the correlation between man and natura environment, and to

develop ICM as an integrative tool to be applied to naturd and civilised coastal sysemson

regiond and locd scales, the case sudy Sylt was designed from seven different disciplines:

geology, coastd and water engineering, ecology, geography, economy, psychology, and

sodology.

Few of the most important integrative questions are:

- How do Sylt inhabitants and tourigts as well as regiond and locad authorities evauate potentiad
dimate change and subssquent idand damage?

- How can different drategies of coastd protection be evduaed from an ecologicd, economica
and socid pant of view?
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- Which morphological and socio-economic future scenarios over the next S50y are most
redidic for Sylt?

Wavestatistics, 4018 days, 01.10.86 - 30.09.97
HmMO [m]/Degree
0,0 22,5 450 675 90,0 1125 1350 157,5 180,0 202,5 225,0 247,5 2700 2925 3150 3375
0,25
0,50 1650 1,305 1,019 0,587 0,342 0,302 0,295 0,250 0,516 0,843 1,209 1,533 2,658 4,233 6,568 1,724 25,035
0,75 0476 0,133 0,154 0,089 0,114 0,093 0,179 0,325 0,456 0,599 1,079 3,739 2,616 4,285 7,739 1,296 23,372

1,00 0,207 0,002 0,011 0,002 0,005 0,011 0,011 0,094 0,252 1,198 2,958 0,554 4,002 3,524 1,313 14,045
1,25 0,064 0,000 0,001 0,003 0,008 0,035 0,185 0,991 1,865 0,730 3,356 2,197 0,719 10,154
1,50 0,064 0,002 0,002 0,081 0,639 1,251 0,760 2,414 1556 0412 7,181
1,75 0,021 0,001 0,042 0,473 0937 0,764 1,829 1,150 0,232 5,450
2,00 0,002 0,001 0,040 0,324 0,672 0678 1514 0,870 0,105 4,206
2,25 0,001 0,032 0,194 0534 0544 1179 0599 0,047 3,131
2,50 0,009 0,093 0430 0442 0,801 0,440 0,030 2,246
2,75 0,085 0,239 0422 0593 0,311 0,003 1,653
3,00 0,053 0,201 0,349 0419 0,208 0,003 1,232
3,25 0,024 0170 0,271 0,264 0,078 0,003 0,809
3,50 0,009 0,106 0,196 0,253 0,062 0,627
3,75 0,002 0,062 0,123 0,180 0,029 0,397
4,00 0,001 0,028 0,076 0,091 0,009 0,205
4,25 0,011 0,045 0,058 0,001 0,115
4,50 0,012 0,029 0,042 0,083
4,75 0,002 0,012 0,020 0,034
5,00 0,003 0,008 0,006 0,017
5,25 0,001 0,004 0,005

2,385 1,443 1,183 0,676 0,459 0,400 0,488 0,594 1,108 2,082 6,374 14,754 11,283 25,540 25,34 5,888 100,0
Tah. 1: Wavedtatigtic from 01.10.1986 to 30.09.1997 in %

The author will focus out here mostly the future coasta development. For more details of the
other disciplines see http://odl .geographie.uni- kid .de/sylt/

METHODS
Individud sub-project tasks are:
geography:
The geogragphic sub-project is regpongble to cover the scientific coordination of al contributing
individua sub-projects. The particular chalenge congdsin the integration and combination of
research output from (i) geo-scientific and technologica sub-projects aswell asfrom (i) socid
stiences and economy/ecology efforts. Additionaly, in close co-operation with theexternd " Sylt-
GIS'-project, the work focuses on adapting integrative scientific concepts. Main target isto
develop a conceptud framework (environmental-quidity- concept) for the evauation of our joint
results. Furthermore, the results and the integrated, GI S- supported, evauations are provided to
German authorities in order to enable and support palitical and/or adminidrative decisons
towards an improved "Intergated Coagtad Zone Management” (ICM) on theidand of Sylt and
aong the German North Sea coadt in generd.
ecology:
Onemain focus of this sub-project isto recongtruct the historica development and changes of
Sylt's coagtd marine ecosystems and to evauate their changing impacts on idand inhabitants and
tourists. Modern inventories of marine ecosystem populations and ared oecies digtribution as
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wel as an overview on biologicd productivity and exchange processes will help to develop
predictive ecosystem scenarios. Predictions on the direction and velocity of expected ecologica
changeswill rely on forecasts of functiond interactions within the regiona ecosystem (e.g.
sediment balances, hydrodynamics, techniques of coagtd protection etc). Moreover, paliticaly
sengtive topics like the use of locd marine resources and nature conservationwill be stressed.
water and coastd enginesring

Changing wind fiddslead to variaionsin wave fidds Since the wave fidd isthe decisve
component for coagtd erosion, investigations on wind-wave correlation around Sylt are
necessary. Once knowing the changing wave impact on coastd sections particularly exposed to
shore erosion, rlevant protection strategies and techniques can be devel oped.

sociology:

Ascertainment, compostion and comparative confrontation aswell as evduation of potential
directions of socid developments of Sylt are the principa objectives of this sub-project. From the
sociologicd point of view the question rises, in which sense Sylt might be of interest or
importance for public life. In this concern different complexes will be stressed: Sylt asa datus
symbol, asaliving resort, as ahigh standard recregtion area, as abiotope, as an example of
effective coagd protection, and Sylt as a native and protection-worth environment. Particular
questionsare:

- What isthe modern attraction of Sylt based on, and under which conditions the attraction can no
longer be preserved?

- Arewe talking about Sylt as a North Frisan idand, or does the modern Sylt represent the "satus
qua" of a profit-concept evolved during higtorica and culturd development of the idand?

- What happens if socidty interests dedine individud life-style (inhabitants, tourists) or dominate
German financid palitics (particularly in terms of coagtd zone protection) due to conssguences of
climate change?

Theworks of this sub- project focus on human actors dhilitiesto reflect ther impactson - and
own exposure to - environmenta systems. Particularly, errors and biases in environment-rel ated
perception and evaluation and - as a conseguence - communication on environmental risks are of
interest. Errors and biases are assumed not to be arbitrary, but sysematicaly related to positions
and roles of individud actorsin socid sysems. Since certain actors dominate decisons and
influence environment- related activities on the idand of Sylt (eg. coastd zone management, land
use, energy consumption), they have direct impact on the dynamics of locd and regiond socid
sysems

economy.

The purpose of this sub-project isto evauate the financid consegquences of dimate change onthe
socio-economic and naturd systems of Sylt using a bendfit-cost-andyss. Based on the
sedimentological modd scenarios, the economic damage due to erosond coastline retregt will be
appraised. For both the " protected” case (Smulated coastdl retrest with shore protection) and the
"non-protected” case (Smulated coagtd retreet without shore protection), the investmentsin
coagtd works (nourishments etc.) after erosion-induced damages have to be identified and
edimated. Main financia conseguencesto be conddered are property loss (housing, land,
busness, infrastructure) as well asloss of public recregtion areas and unique environmenta Stes.

MODEL SCENARIOS AND METHODS
Numericd gmulaions on dongshore sediment trangport and subsequent coastline devel opment
were carried out using the LITPACK modd supplied by the Danish Hydraulic Inditute (eg.
ENGELUND and FREDSOE, 1976). Physcd mode parameters consdered are (i) wave
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direction and height, (i) current conditions, (iii) grain Sze digtribution of loca depodts, and (iv)
the dedlination of coagt-norma and -pardld topographic profiles Due to a sgnificant lack of
data and observations on loca dimetic changes, quas-redlistic meteorologica and oceanographic
parameters were derived from IPCC smulationsin order to trigger the LITPACK moddlings
(Table 2).

: Wave- Changein
Scenario height direction water level
A 10% increase of wave height in westerly directions - 0,00m- 050m
B - 10° to North 0,00m - 0,50m
Cc - 10° to South 0,00m - 0,50m
D 10% increase of wave height in westerly direction 10° to North 0,00m- 0,50m
E 10% increase of wave height in westerly direction 10° to South 0,00m- 0,50m

Tab. 2: Description of the scenarios

Moreover, the Smulations are supported by findings about past changes of the coagtd
morphology due to geologicd, geomorphologica, meteorologicd, hydrologica and socio-
economica processes. The mode results will be used as data base for project partners with socid
and economic perspectives (human activities, settlement, damage cods ec.).

The sediment drift was caculated by a modd which conagts of two cdculaion parts alongshore
current caculation and asediment trangport calculation (STP). The cross shore distribution of
longshore current, wave height and set up for an arbitary coastd profile, isfound by solving the
long- and cross-shore momentum baance equations. The longshore current modd indudes a
description for regular and irregular waves, the influences of tidal current, wind stress and non
uniform bottom friction aswell as wave refraction, shoaing and bresking. The associated
sediment transport is based on thelocd wave, current and sediment conditions. The modd isan
intra-wave- period modd which describes the time-varying digtribution of both suspended |oad
and bed load within the wave period in combined wave and current motion, including the effect
of wave bresking when rdevant.
The modul STPis described by:

T

9=rhe P (=70 @k
0

Shields Parameter

boundary layer velocity
relative density of bed material
acceleration of gravity
grainsize

Os bed load transport

oOQ nw c o

The sugpenson load is described by the sediment concentration C:
¥ =ile ] +we

s Tz
C sediment concentration
z vertical component (zero a bed)
€s eddy viscosity
w fdl vdodty
esisequd the turbulent eddy-viscosty of the currents. The concentration near bed is given by Cg
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by z = 2d. Gg isdetermined after BAGNOLD (1954) asfunktion of g. The sugpension load ¢is
caculated as product of sediment concentration and velocity U as mean vaue of the wave paiode

TD
T = 1 bc‘pU dydt
02d
T wave period
U current velocity
D water depth

LITDRIFT describes the longshore current and the sediment trangport. The sediment trangport is
caculated by STP based on locd wave, current and sediment conditions (DEIGAARD et d.
1988, FREDSOE 1984):

ds
[FED ]_' d))(/y Hly Ftoy

tb bedsheerstresbysurf current

tw shear dress by wind

tar  Shear Sressby current

r dengity of seawater

E impulse coeffident

D water depth

Sy  coesta parelle radiation stress

Asreault LITDRIFT isableto give adeterminigtic description of the cross-shore digtribution of
longshore sediment transport for an arbitrary, non-uniform, bathymetric and sediment profile, as
well as a detailed description of the sediment budget.

Themodd LITLINE caculates the long-shore coastline postion based on input of wave dimate
asatime series. Themodd is based on aone line theory, in which the cross shore profileis
assumed to remain unchanged during eroson/accretion. The coastd morphology is solely
described by the coadtline position (cross-shore direction) and the coagtd profile a agiven long-
ghore position. The programme ca culates and tabul ates trangport rates as afunction of weater
leve, the surface dope due to regiond currents, grain Size, the wave period, height and angle
compared to the coastline normd:

Ty.(® — 1 1O 4 Qu(X)
qt h,(x) x h,, (x)Dx
yo(X) distance from the basdine to the coastline
t time
Q) long-shore trangport of sediment expressed in volumes
X long shore pogition
Dx long-shore discretization step
Qsou(X) source/snk term expressed in volumes/'Dx
hact(X) height of active cross-shore profile

hact(X) and Qsou(X) are caculated based on user specifications, while the long-shore transport rate
Q(x) is determined from tables rdaing the trangport rate to hydrodynamic conditions at bresking.
For more details see DEIGAARD et d. (1988) and FOSTER & SKOU (1992).

RESULTS

The actud sediment losswas caculated to 1 200 000 m¥/a. Thisisthe same as esimated by map
andyss When thewave dimateis changed 10° to north, the sediment lossis nearly the same but
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the direction isvisaversa. Thiswill result in an increasing coadtd retreat northerly of Westerland.
When the wave dimate is changed 10° to south, the sediment trangport is dso nearly the same but
without a net transport to the south. Thiswill result in acoadtl retreat southerly of Westerland. An
increase in the wave height of 10% will dso result in an increase in the sediment trangport from

1 200 000 m?#/ato 1 950 000 m¥/a. A risein sealeve from 25 cm or 50 cm does not result ina
dgnificant increase in sediment trangport but shifted the main sediment trangport region

shoreward.

North South Totd
Sedimentlosstoday 850 000 -350 000 1200 000
Wavedimae 195000 -705 000 1 050 000
10° north, scenario B
Wavedimae 1430000 45000 1475000
10° south, scenario C
+ 10% Hs, scenario A | 1 480 000 -470 000 1950 000
+ 10% Hs and 370000 -1 000 000 1370000
10° north, scenario D
+10% Hsand 2 450 000 80 000 2530000
10° south, scenario E

Tab. 3: Sediment lossesin m¥/a, negdtive vaues are losses to the south

The coadtd retreat is measured snce 1870 a profilesal 500 m in digtance dong the coastline. A

120 years long time series from 1872 to 1992 was used for calibreting the LITLINE modd. Figure 5
shows as example for calibration the measured and calculated coadtd retrest nortrerly of Westerland.
This cdibration was dso be done in same qudlity for the south part of Syit.

10
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Fg. 5. Cdibration of the modd for the part northerly of Westerland

The scenario-supported modd efforts concerning the modern and future sediment budget on the
western coadt of Sylt identify the regions of Ligt, Kampen, Wenninggtedt, Hornum and Rantum as
the presumably most concerned areas. Figure 6 shows the minimum coadtd retrest and Figure 7
shows the maximum coadtdl retregt in the year 2050 (without coagtdl protection). Investigations
on theimpact of sealeve rise on sediment trangport capacities do not generdly show sgnificant
changes in resulting sediment trangport. However, sgnificant changes within individud profiles
areevident. Anincrease of locd sediment trangport by afactor of 1 to 1.5 (with increesng wave
height) within the next 50y seemsto be possible. Based on available techniquesin coastd

protection the forecasted long-term morphological development of Sylt seemsto be controllable.

11



Case study Sylt
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Fg. 6: Coadtd retreet in the year 2050, changing the wave direction 10° to south
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Fg. 7: Coadd retreat in the year 2050, changing the wave direction 10° to north with an

incressing wave height of 10%
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Effects of changing dimeate on the locd marine ecosystem are generaly less serious: comparing
quantitative investigations on dominant goeciesin the western Sylt wadden sea and dong the
dready 2-4°C warmer north Atlantic coast show that no fundamental changesin repect to
Species didribution and laterd population sequences have to be expected around theidand. From
this agpect, no negative loca devdopmentsfor Sylt as a recreetion areawill occur. Ecologica
conseguences of nourishments show that afast re-colonization by loca fauna could be observed
in the aress investigated. Congdering fauna- communities (meofauna, macrofauna and mobile
epifauna) asindicators for the ecologica evauation of beach sections, nourishments can be
regarded as ecologicaly acceptable. In contragt, hydrodynamic conditions on the eagtern part of
the idand have to be evauated as more critical from the ecologica point of view. Outgoing from
intendfied locd eroson it can be assumed that the eastern shore will be increesingly shaped by
technical condructions. This does not only prevent anatura biotope development, but also results

ina‘negaive change of the landscape.

The invedtigations of damage potentid a particularly endangered Sites of Sylt’swest coast
demondtrate that the consecutive cogts of dimeate change are rather limited. The consecutive cogts
congst on the one hand in expenses for additiona coastd protection on the western Side of the
idand, on the other hand they arise from biotope |oss in the wadden sea subsequent to enforced
protection of the eastern coadst. From the economica perspective, no reason is given for changing
the modern coagtd protection strategy. No substantid changes of this satement will be expected
in the forecasted period (until 2050). Increased cogts for additiona future nourishments will be
covered by the economica use of protected private and public assets (infrastructure, private
properties etc.). Congdering the rich loca sand resources, the cogts for additiond nourishments
seem rather low compared to the routine seasond protection measures.

An andyds of payment-readinessfor the protection of the wadden sea against consequences of
dimeate change shows the existance of a significant public demand for the good “ protection of the
naturd environment”. However, sociologicd investigations reved that potentidly concerned
persons attribute little Sgnificance to the consaquences of possible cdimeate change for Syit.
Topics like tourism, condruction activity and generd environmenta protection are more
important for Sylt keypersons than particular problems of coagtd protection and changes of the
iIdand’s shgpe. On contrary, shedding particular light during the interviews on potentid dimate
change, Sylt keypersons regard measures of coastd protection as most important. Conclusvely,
the public discusson on coagtd protection of Sylt in first goproximation seemsto be rather

independent from the perception and evauation of potentid dimeate changes.

The generd opinion of Sylt inhabitants suggests nat only intensively to care about coadtd
protection of theidand, but aso promote the devel opment of future tourism and to improve job
pergpectives particularly for young persons. However, only little substantial structurd
improvements were proposed by the Sylt publicity. Potentid conflicts may arise from the
ambivaent public postion concerning tourism. On the one hand, the marketing sector pronounces
positive environmentd factors like surf, dunes and 40 km sand beech to promote the public imege
of Sylt and, thereby, to enhance the tourigtic using of theidand or, a leest, maintaining the
modern level. On the other hand, the modern cgpacity of tourism or even an increese in tourigtic
adtivities are regarded as areduction of life quaity and, thus, may endanger theinternd functions
of the sodd community.

14
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CONCLUSION

The project efforts show thet it is necessary to investigate a changing environment like Sylt from
multidisciplinary pergpectives. According to our numerica Smulations, dimate change may
srongly promoate Sylt's future shore retreat subsequent to enhanced sorm and wave activity, if
modern srategies of shore protection are not maintained. In this case, a partly dramaticaly
changing and retreating coadtline would have substantid impacts on humean attivities, life qudity
and economic potentid on the idand. However, outgoing from modern techniquesin coastd
protection and assuming only moderately increasing costs for sand nourishments, most of the sub-
projects agree that the environmental and socio- economic consequences of apotentid dimate
change will be nat be serious and, thus, controllable for Sylt. Outlooking it can be dated thet
recurrent coagtd protection is an indienable toal to reduce future changes in the Sylt coadtline
corfiguration, and to maintain the idand as a unique bictope and asa gte of high qudity living.
Furthermore, intensified future gpplication of ICM (Integrated Coastdl Zone Management) on the
connections between humean activities and natura processes in the North German Wadden Sea
will help to learn more about afast changing environment and may reduce environmenta damege
costs.
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