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4.1 Climate

There is little difference within the Wadden Sea
area in major climatic conditions (de Jong, 1999):
for that reason the main focus here is on climate
change in Northwest Europe and its effects on the
Wadden Sea system. The only exception might be
local wind climate, a subject which has received
some attention, but which may be relatively
important in understanding future coastal and
Wadden Sea development. In this chapter we will
discuss new insights to consider the present-day
situation and look forward into the coming cen-
tury to form an idea of the changes that may be
expected. The chapter is partially based on Kabat
etal. (2009a).

In 2007, the Intergovernmental Panel on Climate
Change (IPCC) stated in their fourth assessment
report (AR4) that "Warming of the climate system
is unequivocal, as is now evident from observa-
tions of increases in global average air and ocean
temperatures, widespread melting of snow and
ice and rising global average sea level” (IPCC,
2007). However, IPCC AR4 (2007) was limited
to science published by early 2006. Subsequent
research shows increasing rates of: 1) Global
greenhouse gas emissions: 3.3%/yr in the 2000s,
versus 1.3%]yr in 1990s; 2) Temperature rise,
especially in polar regions; 3) Ice melt (Arctic:
409% loss since 1980 and accelerating in 2006-07
(Schubert et al., 2006; Bogataj, 2007; Clark et al.,
2008; Csatho et al., 2008, but also see van der Wal
et al., 2008 and Nick et al., 2009). Furthermore
there is uncertainty concerning the continuity of
the Atlantic Meridional Overturning Circulation
(AMOC) and the possibility of a massive release
to the atmosphere of methane trapped in per-
mafrost and on continental margins (Schubert et
al., 2006; Clark et al., 2008). As a result, there is
serious doubt whether the IPCC AR4 report did not
underestimate some of the effects (a.0.: Schubert
et al., 2006; Rahmstorf et al., 2007).

The IPCC AR4 results on global climate change
have been converted towards local climate sce-
narios (for instance KNMI'06; Van den Hurk etal.,
2006), These local scenarios involve local circu-
lation patterns for western Europe because the
wind direction strongly determines the weather
and climatological characteristics (Lenderink et
al,, 2007; Van Oldenborgh and Van Ulden, 2003).
The Royal Netherlands Meteorological Institute
(KNMI) applies four scenarios of climate change

(Table 1) composed of a moderate (G) and high
(W) temperature increase and a changing (+)
and non-changing circulation pattern. Next to
that, two scenarios have been constructed for
sea level rise. On behalf of the Delta Committee
maximum scenarios for sea-level rise have been
added (Vellinga et al., 2008). To that end, the
scenario for wind climate and storm-surge levels
have also been re-examined. The scenarios allow
for regional differentiation. For the period until
2050, scenarios are relatively accurate as they
are governed by the greenhouse gas releases of
today (Lowe et al., 2009). However, for the period
thereafter, the uncertainties are larger because
the climate will depend on the emissions in the
years to come (IPCC, 2007), and from poorly
understood climate feedback mechanisms such
as the relation between global warming and the
sudden release of methane from the oceans and
permafrost areas on land (Friedlingstein et al.,
2006). Uncertainties for temperature changes
are much smaller than for precipitation, wind and
sea-level rise (Kabat et al,, 2009a).

Since the 19th Century, average global atmos-
pheric temperature has risen by some 0.7+/- 0.2°C
The increase in air temperatures in Northwestern
Europe is faster than the world average increase
(Figure 4.1.1). This is due to the increase in the
number of winds from the west in late winter to
early spring and the increase in radiation in spring
and summer (Van Oldenborgh et al., 2009).

The yearly average air temperature in The
Netherlands (De Bilt) has risen by some 1.2°C in
the course of the 20th Century. The higher mean
temperatures coincided with a decrease in the
number of days with a minimum temperature less
than 0°C and an increase in days with a maximum
temperature higher than 20°C (Sluijter, 2008).

Itis to be expected that temperatures will rise.
Climate models predict an increase for global
mean air temperature of 1°C up to 6°C for the
year 2100 relative to 1990 (IPCC, 2007). Dutch
predictions indicate an average rise of summer
temperatures with some 0.9-2.8°C by 2050 and
1.7-5.6°C by 2100, with, however, large local dif-
ferences. At the same time the number of days
with maximum temperature above 20°C, 25°C
and 30°C will rise so that the coast will have as
many warm days as at present does the inland
(van den Hurk et al.,, 2006). Extreme temperatures
will increase stronger than average temperatures
(Sterl etal., 2008b) leading to maximum tempera-
tures well above 40°C at the end of 2100 (Sterl
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4.1 Climate

Figure 4.1.1:

Difference between global
temperature (left) and local
temperature (Source: De
Bilt, Kabat et al,, 2009a).

Figure 4.1.2:

Trends in the sea-surface
temperature of the North
Sea waters in September
2003 and August 2004 as
compared to reference of
September 1980 (source:
Hadley Centre, 2009) and
the water temperature of
Marsdiep Inlet (van Aken,
2008a) The development
of the water temperature is
a reflection of the west Eu-
ropean climatic variability
(van Aken, 2003). An over-
all increase in water tem-
perature has been apparent
since ca. 1980. (Courtesy
Kabat et al., 2009a).
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et al., 2008a). According to the Dutch scenarios,
the average winter temperature will also increase
by between 0.9-2.3°C by 2050 and 1.8-4.6°C by
2100. The number of days with ice will decrease,
especially if the wind will come more from the
west. Similarly, the German GKSS Research Sta-
tion projects increasing temperatures for Northern
Germany. Results are presented in the internet
(www.norddeutscher-klimaatlas.de). Until the
middle of the century, yearly mean temperatures
may rise between 1.2-2.2°C with a "best-guess"”
of 1.8°C. For the end of the century, temperatures
are projected to be between 2.0-4.9°C higher
(mean 2.9°C). For the same projection period, the
number of days with frost might decrease by up
to 45 days per year. As already stated before, days
with ice cover in the Wadden Sea would become
very rare.

Temperature of the seawater
There is a strong correlation between the tem-
perature of the North Sea and air temperatures
in western Europe, which influence each other

depending on the wind direction. Therefore, on a
yearly basis, the temperature in the Wadden Sea
region depends mainly on the dominant wind
direction, but, in the long-run, mainly on global
climate development (Verbeek, 2003). Because
North Sea water is mainly derived from the warm
North Atlantic current it increases the air tempera-
ture above land by some 1.5°C; an effect which
is stronger in winter than in summer (Wessels
et al., 1999). Observations of the Sea Surface
Temperature (SST) from the western Wadden Sea
(Marsdiep Inlet) show a cooling trend in the late
19th Century, followed by a steady warming since
~1980 of 1.5°C (van Aken, 2008a), consistent
with the trends in the North Sea area. Ongoing
research and analyses shows that the year-to-year
variations in SST as well as the long-term trends
correlate well with changing atmospheric circula-
tion and with changes in cloudiness (H. van Aken,
pers. comm.).

Sea-water temperature is expected to continue
to rise since it is closely correlated with the tem-
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perature of the atmosphere (Figure 4.1.2; Becker
and Pauly, 1996; Wessels et al., 1999). This would
result in an increase in the longer run of 2-5°Cin
yearly average temperatures (Kabat et al., 2009a).
It should, however, be noted that a weakening of
the North Atlantic Current due to its own warm-
ing and an increased freshwater influx from the
North Pole could have a cooling effect on north-
west Europe (Dickson et al., 2002; Clark et al.,
2002, 2008). Nevertheless, most climate models
simulating a decrease in North Atlantic Current
strength with increasing atmospheric greenhouse
gas concentrations still show a warming over
Europe, implying that greenhouse warming is
overwhelming the cooling effect of weakened
warm ocean currents (Gregory et al., 2005).

Average global tide-gauge records show a rela-
tive sea-level rise of ca. 1.8 mm/yr over the past
century. This is more than could be expected on
the basis of a 1 mm/yr contribution from the melt-
ing of global land ice reservoirs (Mitrovica et al.,
2006), and a 0.4 mm/yr contribution from thermal
expansion of the world ocean to absolute sea-level
rise (Antonov et al., 2005). Correcting the tide-
gauge records for the vertical land motion with
GPS techniques reduced the estimated global av-
erage sea-level rise to 1.3 mm/yr (Woppelmann et
al., 2007). Berge-Nguyen et al. (2008) concluded,
on the basis of a combination of thermosteric sea-
level data based on temperatures in the top 700
meters of the ocean, tide gauge, satellite altimetry,
and ocean reanalysis data, that sea level rose
over the period 1950-2003 by some 1.5 mm/yr.
It thus seems likely that absolute sea-level rise
over the past century has mainly been a function

1954 1996
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of climate change. Over the period 1992-2009,
satellite data are available covering the global
oceanic sea-level rise. After correction for seasons
and inverted barometer effects, an average global
sea-level rise is observed of 3.1 +0.4 mm/yr over
the period 1992-2009 (http://sealevel.colorado.
edufcurrent/sl_ib_ns_global.jpg). This deviation
from the long-term average has been explained by
increases in thermosteric effects (contribution 1.2,
vs. 0.4 mm/yr) and a faster melting of Greenland
(0.4 vs. 0.2 mm/yr), Antartica (0.5 vs. 0.3 mm/yr)
and glaciers (0.9 vs. 0.4 mm/yr) for the period
1993-2005 (Nerem, 2005).

Combining data from reliable stations over the
past 50-100 years from the Dutch and German
Wadden Sea indicates a mean average sea-level
rise varying from station to station between val-
ues of 1-2 mm/yr and average high-water rise
between 2-2.5 mm/yr (Hofstede, 2005; 2007;
Dillingh, 2008; Von Storch et al., 2008; Kabat et
al, 2009a). Local sea-level rise in the Wadden
area is attributed to global trends, and partly to
local and regional effects such as atmospheric
circulation, oceanic currents, subsidence due to
isostasy (0.3 mm/yr) and gas mining and water-
management works (the latter especially after
1950 [Kooi et al., 1998; CPSL, 2005; Katsman et
al,, 2008a]). The increased global rate of sea-level
rise of 4.1 mm/yr, as observed from the satellite
data, has not yet been observed along the tidal
gauges of the Wadden Sea coast (Figure 4.1.4;
Hofstede, 2007; Dillingh, 2008). It should be
noted, however, that the tide gauges represent
a rather restricted part of the oceans (Nerem et
al, 2006). Furthermore on a decadal timescale,
the length scales of sea level change are quite
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4.1 Climate

Figure 4.1.4:

Mean sea-level rise in

the Wadden Sea from
1900-2005, averaged
over 10 long-term tidal
gauge stations (Den Helder,
Harlingen, Terschelling-
West, Delfzijl, Norderney,
Cuxhaven, Blisum, Husum,
Wittdiin, List; adapted
from Hofstede (2007) and
corrected for varying base
levels).

Figure 4.1.5:

Annual number of storms
in The Netherlands (>6 Bft
inland and >7 Bft at the
coast; Source: KNMI, Kabat
etal, 2009a).
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large (up to 1,000 km), and as a result many tide
gauges in a region are highly correlated with
each other (Holgate, 2007). From observations of
selected stations, it seems that local sea-level rise
may vary on a decadal scale and in such a period
reach annual velocities of +/-15 mm/yr (Holgate,
2007). Thus, if it is assumed that the satellite data
are correct, an acceleration of sea-level rise in the
Wadden Sea might yet occur.

IPCC AR4 estimates of global sea-level rise by
2100 are 18-59 cm (Meehl et al.,, 2007). However,
these estimates have been challenged on the basis
that large ice sheets appear to be changing much
more rapidly (Nerem, 2005; Ekstrém et al., 2006;
Velicogna and Wahr, 2006) than models predict
(Overpeck etal., 2006); a reality recognized by the
IPCC summary report (IPCC, 2007). Locally large
differences in sea-level height can occur under
the influence of currents in the atmosphere and
oceans (IPCC, 2007; Von Storch and Woth, 2008),
and by changes in the gravity field and redistribu-
tion of mass (a.o. land ice) (Mitrovica et al., 2001;
Katsman et al., 2008b).

Number of storms

Year

Wind direction and force, air pressures, sea-lev-
el height and tidal amplitude determine the height
of the water levels and thus of storm surges. In
addition, waves amplify the effect of storm surges,
especially on the North Sea coasts where long
waves can reach the dunes if the beach plain is not
too broad. In the back-barrier area, mainly locally
generated wind waves are important, possibly with
the exception of the inlet channels. Storm activity
and the related storm surge and wave conditions
in the Wadden Sea show pronounced inter-an-
nual and inter-decadal variability, with maxima
around 1920, 1950 and 1990 (Flather etal., 1998;
Langenberg etal., 1999; Schmidt, 2001; Weisse et
al., 2002, 2004; Matulla et al., 2007). In the past
decennia the atmospheric flow above the north-
ern part of the Altantic Ocean which determines
European storms was on average stronger than in
the period before and followed a more northerly
path. It is not clear if this should be attributed to
the enhanced greenhouse effect (KNMI, 2006).
In The Netherlands the average wind force has
decreased slightly (Sluijter, 2008; WSH, 2009). An
analysis of the Dutch storm climate over the period
1962-2002 showed a marked decrease of strong
wind (7 Bft along the coast), with 5-100%/10 yrs
(Smits et al., 2005). Trends in stronger storms (10
Bft) cannot be determined significantly (Sluijter,
2008; Smits et al., 2005).

For the Dutch coastal area the wind coming
from the NNW is quite important for set-up of
the water levels due to the long fetch over the
North Sea. Although the number of western winds
increases in the late winter and early spring, the
number of N to NW winds is not changing (Figure
4.1.5; Van Oldenborgh et al., 2009). An analysis of
the number of storms with a set-up of more than
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0.9 m does thus not show a trend. In contrast to
this are observations in the Schleswig-Holstein
sector of the Wadden Sea that show a strong
trend of up to 8 mm per year since 1868 in the
yearly highest water levels (Figure 4.6). Apart
from artificial causes (building of a dam that
closed the Husumer Bight to the north in the
1920s), this may be the result of a shift in storm
wind directions. The polynomial approximation
in Figure 4.1.6 shows a significant decrease since
the mid 1990s.

Regional scenarios project an absolute mean
sea-level rise of 20-35 cm in 2050, and 40-80
cm in 2100 (Van den Hurk et al., 2006: Katsman
et al., 2008b). In order to guarantee the safety of
The Netherlands in the long run, the Dutch Delta
Committee has been asked to predict plausible
upper limit scenarios. Based on the findings of
the IPCC AR4 report (IPCC, 2007), the scenarios of
KNMI (Van den Hurk et al,, 2006) and new insights
in ice sheet dynamics (Katsman et al., 2008b) the
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scenarios show good agreement with the KNMI
scenarios until 2050, but an increase in absolute
sea-level rise along the Wadden coast of 120 cm
by 2100 (Figure 4.1.7; Vellinga et al., 2008) with
large uncertainties (Katsman et al., 2008b, Kabat
et al, 2009a&tb).

Climate scenarios suggest that the average wind
force will hardly increase until 2100 (KNMI, 2006;
Van den Hurk et al.,, 2006; Sterl et al., 2008c). Wind
direction also determines the number of days with
high water levels (Von Storch and Woth, 2008).
Some climate models show a continuing increase
in the number of western winds, but not of north-
ern winds. However changes are small compared
to the natural variability (Sterl et al., 2008c). It
should, however, be noted that the uncertainties
in the future storm climate predictions remain
large, especially due to the uncertainties in the
emission scenarios which influence atmospheric
pressure patterns and wind climate (Von Storch
and Woth, 2008; Kabat et al., 2009a).

2050
zioo
2i50
2100

B - wHHI 1304-scenario’s
Bl - Oehacomminsie 2000

Figure 4.1.6:
Development of the high-
est annual water levels

at Husum, Germany since
1868 (adapted from
Hofstede, 2007).

Figure 4.1.7:

Scenarios for absolute sea-
level rise of KNMI (2006)
and Vellinga (2008)
(Sources: Delta Committee,
2008; Kabat et al., 2009a).

Wadden Sea Ecosystem No. 25 - 2009



4.1 Climate

Figure 4.1.8: Simulated
difference in the annual
99.5 percentile values of

water level increase (in
m), between 2071-2100
and 1961-1990, at IPCC

scenario A2 (Weisse et
al., 2009). Contours show
the values for the period
1961-1990.
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Important details of changes in wind climate
in the Wadden Sea area and its influence on
wave climate and surge levels are as yet unclear
(Kabat et al., 2009a). As an example, model studies
indicate that in the German Bight storm surge,
water levels may increase strongly along the coast
and up to about 0.3 m in the German sector of
the Wadden Sea (Weisse et al., 2009; Figure 4.8).
Another example is that the 99 percentile of the
significant wave height in models is underesti-
mated (Sterl et al., 2008c).

To estimate the possible extreme changes in
water levels at the coast, a first order approach
is to add the mean sea-level rise and the storm
surge levels and to discard non-linear effects
(Vellinga et al., 2008). Applying this method,
Woth et al. (2006) projected storm surge water
levels (including mean sea-level rise) in the inner
German Bight to be about 0.6 to 0.7 m higher at
the end of this century compared to the end of
the last century.

After the little Ice Age, roughly since 1825, the
Wadden Sea climate has become more maritime
in character. Thus, in The Netherlands the annual
precipitation increased since 1906 by 18% with
marked seasonal differences (autumn and winter
by 26%, spring 21%, summer 3% - KNMI, 2006)
These figures are comparable to those estimated
for Germany and Denmark. Extreme precipitation
events have gradually increased since the 1970s
(Klok, 1998; Sluijter, 2008). In general, coastal pre-
cipitation increases faster than further inland and
is enhanced by higher sea-water temperatures. In
The Netherlands the intensity of precipitation in
the coastal zone increases by some 15% for every

degree of water-temperature increase, against 5%
forinland locations (Lenderink and Beersma, 2008;
Lenderink et al. (2009). Especially in autumn, pre-
cipitation in the Wadden Sea area is higher than
inland, whereas in spring inland precipitation is
higher (Heijboer and Nellestijn, 2002).

In scenarios without changes in wind circula-
tion patterns, the precipitation in The Netherlands
is thought to increase by 3%/1°C global tem-
perature increase, both in the summer and winter
half year. Scenarios with a change in circulation
pattern expect an extra increase in precipitation
during winter (7% 1°C) and a decrease in summer
(-10%/1°C), especially due to a reduction in the
number of rainy days (KNMI, 2006). As noticed
above, coastal precipitation patterns might differ
somewhat from the inland averages. Increased
precipitation may also lead to increased run-off
through rivers to the Wadden Sea, leading to a
further decrease of salinity of the Wadden Sea
water (cf. Marsdiep tidal inlet; van Aken, 2003).
On the other hand, a precipitation deficit along
the Rhine might influence the water discharges
in the summer season strongly. For Northern
Germany, the GKSS Research Station (www.nord-
deutscher-klimaatlas.de) projects a mean increase
in precipitation between 1 and 13% (8-102 mm).
The increase mainly occurs in the winter season
(16 to 58%), whereas the summer will probable
become dryer.

Part of the precipitation is evaporated (Kruijt
et al, 2008). Based on a model, the evaporation
for a well-watered meadow has been calculated
for two stations along the Wadden Sea (Eelde and
De Kooy; Heijboer and Nellestijn, 2002). A clear
increase in the evaporation can be observed since
the 1980s (Figure 4.1.9).
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The difference between precipitation and 4.1.3 Possible consequences
modelled evaporatlor) fora.well-vx./a'tered meadow 4.1.3.1 Water and sediments
is the potential precipitation deficit (Beersma et o . . .
. With increasing water temperature, the kinematic
al., 2004). It can be used as a drought indicator . .
) viscosity of water decreases. As a result, the
but is not the absolute measure for droughts. The . . . .
. - mobility potential of non-cohesive sediments
available data indicate no trend for long-term . . Iy
. o - decreases, whereas the particle settling velocities
maximum precipitation deficit (Figure 4.1.10). The . .
o . . increase (Krogel and Flemming 1998). The effect
precipitation deficit along the coast is larger than . . .
. of an increase in water temperatures on settling
the inland average (Kabat et al., 2009a). . )
: and resuspension rates of sediment may lead to a
For nature management and agriculture, the o . . L
S e shift in the timing of sediment redistribution and
precipitation deficit in the summer half year e .
) . . of stabilization, which may have consequences for
(starting 1 April) is most important. The KNMI o . .
AR S the pelagic (via effects on turbidity) and benthic
2006 scenarios indicate that the precipitation . . . .
- - o (via effects on habitats) biomass and production
deficits during the summer half year will increase o .
) (4.3.1 of Philippart and Epping, 2009).
and that extreme years will occur more frequently .
The runoff of fresh water has increased con-
than nowadays (Table 4.1.1: KNMI) . . ) .
siderably, leading locally (for instance Marsdiep
[
) Figure 4.1.10:
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1906-2000 G G+ W W+
Average maximum precipitation deficit (mm) 144 151 179 158 220
Repetition time for a maximum precipitation
deficit as in 2003 (yrs) 9.7 7.9 4.1 6.5 2.0

Maximum potential
precipitation deficit in
April-September (blue) and
March-April (red) from
1906 to 2007 (Source:
Lenderink and Beersma,
2008).

Table 4.1.11:

Average maximum pre-
cipitation deficit in the
summer half year (starting
1 April) in 2050 for four
different climate scenarios
(source KNMI).
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Figure 4.1.11:
Salinity in Marsdiep Inlet
(van Aken, 2008b).
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Inlet, Figure 4.1.11) to lower salinities. In itself
such lower salinities are not the major problem,
since many organisms can cope well with slightly
brackish conditions. However, problems are caused
by pulses of almost completely fresh water dur-
ing several days during extreme run-off from the
rivers. If such pulses are not avoided it can, at
least locally, lead to a decrease in the number of
species (Kabat et al., 2009a).

In the study on behalf of the Delta Committee
it was found that higher sea-water levels will
cause considerable problems to the fresh water
management along low lying areas and rivers.
The salt water intrusion hinders the discharge of
surplus fresh waters, but will also hinder fresh
water intake from rivers (for drinking water or
agriculture) where saline waters enter the river
mouths further. Also, it was realized that the
higher sea levels also resulted in higher river levels,
making extensive dyke re-enforcements necessary
(Deltacommissie, 2008).

The higher precipitation deficits may pose
problems for the water availability, especially on
the barrier islands. In the long run this cannot be
compensated for by pumping larger amounts of
ground waters, which will also lead to deficits for
nature (Witte et al., 2008). Locally this may lead
to dryer dune valleys with more drought resist-
ant plant species. In The Netherlands, the barrier
islands have decided to become autonomous for
their drinking water demands without relying on
extra pumping. A number of measures have been
proposed for each island, such as water storage
basins, desalination, etc. (Kok, pers. inf.).

Sediment is needed in the back barrier inter-
and supra-tidal area to compensate sea-level rise.
The major part of the sediment is sand derived
from the North Sea coast and through internal
sediment redistribution from the deeper channels
towards the wadden and salt marshes (Hofstede,
2002). A minor part is finer material which is
derived from the Flemish banks and, to a lesser

ilIIlIII'IIIIIIIII]!Illlllllll

1950 1975 2000

extent, rivers. Historical and model studies sug-
gest that there is an upper limit to the volume of
sand which becomes available to the back barrier
areas (van Goor, 2001; Van Goor et al.,2001, 2004;
Hoeksema et al.,, 2004; Min. EZ, 2006). Above this
limit the system cannot keep up with sea-level rise
and tidal shoals will drown gradually (CPSL, 2001).
The limit for the rate of sea-level rise which still
can be compensated by sedimentation is in debate,
but thought to be lower for large tidal basins than
for small tidal basins (Hofstede, 2002; Hoeksema
etal., 2004; Min. EZ, 2006). Long-term beach ero-
sion may increase due to accelerated sea-level rise
(SLR) and may lead to landward retreat or even
deterioration of barrier chains such as the Wad-
den Sea islands (Fitzgerald et al., 2008). Sediment
transport from the coastal zone increases with
increasing wind driven transport (van Goor, 2001).
Changes in wind direction or force might therefore
lead to changes in sediment availability. It should
be realized that, given the height distribution of
the tidal flats and the projected acceleration for
2050 and 2100 the loss of intertidal shoals will
most likely be relatively small. Extensive tidal flats
will most likely still be present in 2100.

On the barrier islands, at many places natural
sedimentation on the island is hindered by dykes,
artificial dune rows or other human intervention
like placing sand fences on the beach. In general
this leads to lower sedimentation rates in dunes,
wash-overs and tidal marshes, making the back-
barrier parts of the islands more vulnerable to
accelerated sea-level rise. It is thought that the
sand eroded from the North Sea coast is in general
transported into the back-barrier area. However,
in recent research it was found that a fair part of
the sand is deposited in the first dune rows (Arens,
2008), showing the potential for island-ward sedi-
ment transport. Furthermore the lack of natural
dynamics enhances succession strongly and
rare species characteristic of pioneer conditions
become rarer or disappear and habitats become
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smaller (Petersen and Lammerts, 2005; De Leeuw
etal., 2008; Ten Haaf and Buijs, 2008; Loffler et al.,
2008). Especially open and nutrient-poor habitats
have given way to grassy vegetation poor in spe-
cies, both on the dunes and in the tidal marshes.
Currently studies are carried out to investigate
how such effects might be mitigated.

4.1.3.2 Regime shifts
There are clear indications that rather abrupt shifts
occur between different but persistent conditions
in ecosystems and that such "regime shifts" can be
caused by abiotic factors (Scheffer etal., 2001a,b).
During the past 50 years, two big changes have oc-
curred in the North Sea which likely led to shifts in
ecosystem conditions. The first change was during
the 1970s when water temperature, salinity and
the Atlantic inflow were lower than average. The
second change is from the 1980s up to present,
with higher than average temperature, salinity
and Arctic inflow (Reid et al., 2003; Beaugrand,
2004). Fast and wide spread shifts in plankton
(Cadee and Hegeman, 2002), benthic life and fish
populations characterize both periods with marked
regional differences (Figure 4.12; Beaugrand et
al., 2003; Weijerman et al., 2005). Currently, the
spring blooms of phytoplankton in the Wadden Sea
occur ever later in the Wadden Sea but earlier in
the North Sea. As a result, fish larvae and young
shrimp occur earlier in the Wadden Sea. Such
shifts in seasonal dynamics lead to a mismatch
between phytoplankton and zodplankton peaks,
between shrimp and shellfish larvae, between
zooplankton and fish, and between fish and sea
birds (Beaugrand et al., 2003; Edwards and Rich-
ardson, 2004). These observations indicate that
shifts in population sizes of many species may
be expected.

4.1.3.3 Fish
Changing water temperatures can have strong ef-
fects on the species of the North and Wadden Sea.
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The reproductive potential of fish is for instance
influenced by temperature. Some species show
a positive correlation between development of
larvae and water temperature, but in other spe-
cies the correlation is inverse (Tulp et al., 2006).
In addition, indirect influences such as oxygen
uptake may lead to population effects (Portner
and Knust, 2007). Currently, several studies re-
port trends suggesting migration due to climate
change, such as a northward migration of warm
water species (anchovy) and disappearance of
cold water species (Beaugrand et al., 2002, 2009;
Brander et al., 2003; Beare et al., 2004; Perry et
al,, 2005; Tulp et al., 2006).

4.1.3.4 Bird life
Migration patterns of birds are also influenced by
changes in temperature and food availability in
the various locations they use. In the period 1987-
2004, a decrease was observed in the population
of 12 out of 34 species of migrating birds which
are important for the Wadden Sea area (Blew et
al., 2007). The decrease is caused by a decrease
in the quality of the habitat and in the quantity
and quality of the food available in the intertidal
zone. Indications that climate change is directly
and indirectly involved are becoming stronger
(Bairlein and Exo, 2007). However, the influence
of climate change is hard to quantify, since other
human induced disturbances also play a significant
role (Reineking and Stidbeck, 2007).

In the Wadden Sea, marked differences occur in
the numbers of wintering birds in cold and warm
winters (Meltofte et al.,, 1994; Figure 4.1.13). For
some species it is known that the spring popula-
tion is smaller with a higher spring temperature,
because species migrate sooner towards Nordic
areas. Migration patterns might also change; a
fact which should be taken into account when
studying population size development (Reineking
and Siidbeck, 2007).
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Figure 4.1.12:
Illustration of a fast
change in the plankton
population in the North
Sea and its consequences
(Beaugrand et al,, 2003).
Between 1958 and 1983
the anomaly is mainly
positive and after that it
is mainly negative. In the
first period the recruit-
ment of cod (black line) is
on average high ("Gadoid
outburst”), in the second
period it is low.
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Figure 4.1.13:

Waders in the Wadden Sea
in cold (left) and mild win-
ters between 1980-1991
(Meltofte etal., 1994).
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Climate change is expected to have strong
effects on the terrestrial and semi-terrestrial
ecosystems of the Wadden Sea area, such as
dunes and tidal marshes. Temperature, precipita-
tion and evaporation will have their influence on
the growth and living conditions of species and
on ecosystem processes. Species may become less
abundant or even disappear, while others may
invade the area.

Further consequences for the ecosystem are
discussed in the following chapter 4.2 by Philip-
part and Epping.

Coastal waters have been changing and will
change due to past and current activities and
changes in climate settings. The potential climate
scenarios provided here are likely? based on the
current state of knowledge of climate change. The
effect on the ecosystem is still based on limited
knowledge of isolated processes. As stated by
Philippart and Epping (2009): “Understanding the
functioning of the Wadden Sea [morpho-hydro-]
eco-system as a composite, including positive and
negative feedback mechanisms, is urgently needed
to develop prognostic models and to construct
reliable future scenarios.” To this end, monitoring
has to be extended to improve both temporal and
spatial resolution to improve both the abiotic and
biotic modeling of the Wadden Sea system.
Since not everything can be monitored, sci-
entists and policy makers are advised to identify
abiotic key-processes and key factors which domi-
nate the hydro-morphological development of the
area and to study this both in the field and under
laboratory conditions. In this way adaptation
strategies can be developed which make optimal
use of the abiotic factors which form the area, for

Wadden Sea Ecosystem No. 25 - 2009

instance by increasing the natural resilience of

it. For the abiotic conditions these are, amongst

others (Speelman et al., 2009):

* the influence of subsidence;

e theinfluence of the geo(morpho)logical build
up of the area on current processes;

® the natural dynamics of the barrier islands
(overwash, erosion and eolian sand trans-
port);

® the dynamics and long-term development
of tidal marshes, shoals, estuaries and outer
deltas;
the sediment balance of the Wadden area;
the differences in dynamics of the various
inlet systems (with special attention to shoal-
channel interactions);

e quantification of processes (water move-
ments, sand- and mud-transport, vertical
sedimentation rates and their interactions on
several temporal and spatial scales).

Effort should focus on ensuring that the level of

detail (complexity) of the models matches what

can and will be measured. For biota see following

chapter 4.2 of Philippart and Epping (2009).

As a summary of strategic research topics:
in order to adequately understand and project
the consequences of climate change for hydro-
morphodynamics, biodiversity and ecosystem
functioning of the sea, we need to (1) extend our
coastal monitoring efforts; (2) extend our knowl-
edge on sensitivities and adaptation capabilities
of (abiotic) key processes and (biotic) species in
the marine environment; and (3) develop fit-for-
purpose models to manage our marine environ-
ment.



4.1 Climate

13

Allan, R., and Ansell, T., 2006: a new globally complete monthly
historical gridded mean sea level pressure dataset (HadSLP2):
1850-2004. J. Climate, 19, 5816-5842.

Antonov, J.I, Levitus, S. and Boyer, T.P., 2005. Thermosteric
sea level rise: 1955-2003. Geophys. Res. Lett. 32, L12602.
doi:10.1029/ 2005GL023112.

Bairlein, F,, and Exo, K.-M., 2007. Climate Change and Migratory
Birds. In: Reineking, B., and Stidbeck, P. (Eds.), 2007. Seriously
Declining Trends in Migratory Waterbirds: Causes-Concerns-
Consequences. Proceedings of the International Workshop
on 31 August 2006 in Wilhelmshaven, Germany. Wadden
Sea Ecosystem No. 23. Common Wadden Sea Secretariat,
Wilhelmshaven, 43-52.

Beaugrand, G., 2004. The North Sea regime shift: evidence,
causes, mechanisms and consequences. Progress in Oceanog-
raphy, 60, 245-262.

Beaugrand, G., Brander, K.M., Alistair Lindley, J., Souissi, S. and
Reid, P.C., 2003. Plankton effect on cod recruitment in the
North Sea. Nature, 426, 661-664.

Beaugrand, G., Luczak, C. and Edwards, M., 2009. Rapid biogeo-
graphical plankton shifts in the North Atlantic Ocean. Global
Change Biology, 15, 1790-1803.

Beaugrand, G., Reid, P.C., Ibanez, F., Lindley, J.A. and Edwards,
M., 2002. Reorganization of North Atlantic Marine Copepod
Biodiversity and Climate. Science, 296, 1692-1694.

Beare, D., Burns, F, Jones, E., Peach, K., Portilla, E., Greig, T,
McKenzie, E. and Reid, D., 2004. An increase in the abundance
of anchovies and sardines in the north-western North Sea since
1995. Global Change Biology, 10, 1209-1213.

Becker, G.A. & Pauly, M., 1996. Sea surface temperature
changes in the North Sea in relation to decadal North Sea
variability. ICES J. Mar. Sci. 53: 887-898.

Beersma, J.J., Buishand, TA. and Buiteveld, H., 2004. Droog,
droger, droogst - KNMI/RIZA bijdrage aan de tweede fase van
de Droogtestudie Nederland. KNMI publication PUBL-199-II,
KNMI, De Bilt, 52 pp.

Berge-Nguyen, M., Cazenave, A., Lombard, A., Llovel, W., Viarre,
J. and Cretaux, J.F.. 2008. Reconstruction of past decades
sea level using thermosteric sea level, tide gauge, satellite
altimetry and ocean reanalysis data. Global and Planetary
Change, 62, 1-13.

Blew, J., Giinther, K., Laursen, K., Van Roomen, M., Stidbeck, P.,
Eskildsen K. and Potel, P., 2007. Trends of Waterbird Popula-
tions in the International Wadden Sea 1987-2004: An Update.
In: Reineking, B., & P. Stidbeck, P. (Eds.), 2007. Seriously
Declining Trends in Migratory Waterbirds: Causes-Concerns-
Consequences. Proceedings of the International Workshop
on 31 August 2006 in Wilhelmshaven, Germany. Wadden
Sea Ecosystem No. 23. Common Wadden Sea Secretariat,
Wilhelmshaven, 9-32.

Bogataj, LK. (IPCC WG2 vicechair through AR4), 2007. Climate
Change is Real and Here! Lecture for: Climate Change 2007:
IPCC Fourth Assessment Report, Warsaw.

Brander, K., Blom, G., Borges, M.F,, Erzini, K., Henderson, G.,
MacKenzie, B.R., Mendes, H., Ribeiro, J., Santos A.M.P. and
Toresen, R., 2003. Changes in fish distribution in de eastern
North Atlantic: are we seeing a coherent response to changing
temperatures? ICES Mar. Sci. Symp., 219, 261-270.

Cadée, G.C., and Hegeman, J., 2002. Phytoplankton in the
Marsdiep at the end of the 20th century; 30 years monitoring

biomass, primary production, and Phaeocystis blooms. J. Sea
Res., 48, 97-110.

Clark, P.U., Pisias, N.G., Stocker, T.F.,, and Weaver, AJ., 2002. The
role of the thermohaline circulation in abrupt climate change.
Nature 415: 863-869.

Clark, P.U., Weaver, AJ., Brook, E., Cook, E.R., Delworth, T.L.
and Steffen, K., 2008. Executive Summary. In: Abrupt Climate
Change. A Report by the U.S. Climate Change Science Program
and the Subcommittee on Global Change Research. U.S. Geo-
logical Survey, Reston, VA, pp. 7-18.

CPSL, 2001. CPSL (2001): Final report of the trilateral working
group on coastal protection and sea level rise. Wadden Sea
Ecosystem, 13, 63 p.

CPSL 2005. Coastal Protection and Sea Level Rise. Solutions
for Sustainable Coastal Protection in the Wadden Sea Region.
Wadden Sea Ecosystem No. 21. Common Wadden Sea Secre-
tariat. WilheImshaven, Germany.

Csatho, B., Schenk, T., van der Veen, C.J., and Krabill, W.B., 2008.
Intermittent thinning of Jakobshavn Isbree, West Greenland
since the Little Ice Age. Journal of Glaciology, Vol. 54, No.
184, 2008, 131.

Deltacommissie, 2008. Samen werken met water. Een land dat
leeft, bouwt aan zijn toekomst. Bevindingen van de Deltacom-
missie 2008. http://www.deltacommissie.com/doc/2008-09-
03%20Advies%20Deltacommissie.pdf, 135 pp.

Dickson, B., Yashayaey, |., Meincke, J., Turrell, B., Dye S. and
Holfort, J., 2002. Rapid freshening of the deep North Atlantic
ocean over the past four decades. Nature 416: 832-837.

Dillingh, D., 2008. Klimaatverandering en zeespiegelstijging.
In: F. Barends, D. Dillingh, R. Hanssen & K. van Onselen (Eds.)
Bodemdaling langs de Nederlandse kust. Case Hondsbossche en
Pettemer Zeewering. I0S Press bv, Amsterdam, 189-210.

Edwards, M., and Richardson, A.J., 2004. Impact of climate
change on marine pelagic phenology and trophic mismatch.
Nature, 430, 881-884.

Ekstrom, G., Nettles, M., and Tsai, V.C., 2006. Seasonality and
increasing frequency of Greenland glacial earthquakes. Science
311:1756. doi:10.1126/science.1122112]

FitzGerald, D.M., Fenster, M.S., Argow, B.A. and Buynevich, L.V.,
2008. Coastal Impacts Due to Sea-Level Rise. Annual Review
of Earth and Planetary Sciences 36:601-647.

Flather, R.A., Smith, J.A., Richards, J.D., Bell, C. and Blackman,
D.L.,1998. Direct estimates of extreme storm surge elevations
from a 40-year numerical model simulation and from observa-
tions. Global Athmos. Oc. System 6: 165-176.

Friedlingstein, P., Cox, P., Betts, R., Bopp, L.L, Von Bloh, W.,
Brovkin, V., Cadule, P, Doney, S., Eby, I., Fung, G., Bala, J., John,
C., Jones, F, Joos, T, Kato, M., Kawamiya, W., Knorr, K., Lindsay,
H.D., Matthews, T., Raddatz, P, Rayner, C., Reick, E., Reick, E.,
Roeckner, K.-G., Schnitzler, R., Schunr, K., Strassmann, A.J.,
Weaver, C., Yoshikawa, N. and Zeng,

2006. Climate-Carbon Cycle Feedback Analysis: Results from
the C4MIP Model Intercomparison. J. Clim., 19, 3337-3353.

Gregory, J.M., Dixon, K.W., Stouffer, R.J., Weaver, A.J., Driess-
chaert, E., Eby, M., Fichefet, T., Hasumi, H., Hu, A., Jungclaus,
J.H., Kamenkovich, I.V., Levermann, A., Montoya, M., Murakami,
S., Nawrath, S., Oka, A., Sokolov, A.P. and Thorpe, R.B. (2005)
A model intercomparison of changes in the Atlantic ther-
mohaline circulation in response to increasing atmospheric
C02 concentration. Geophysical Research Letters 32:L12703,
doi:12710.11029/12005GL023209

Wadden Sea Ecosystem No. 25 - 2009



14

4.1 Climate

Wadden Sea Ecosystem No. 25 - 2009

Haaf, M.E. ten and Buijs, P.H., 2008. Morfologie en dynamiek
van washoversystemen. Report University Utrecht.

Hadley Center, 2009.

Heijboer, D. and Nellestijn, J., 2002. Klimaatatlas van Neder-
land; de Normaalperiode 1971-2000. Uitgeverij Eimar B.V.,
Rijswijk, 182 pp.

Hoeksema H.J., Mulder, H.P.J., Rommel, M.C., de Ronde, J.G., de
Vlas, J., Roest, J.P.A., Van der Valk, L, Eysink, W.D., Wang, Z.B., de
Vriend H.J. and Dijkema. K.S., 2004. Bodemdalingstudie Wad-
denzee 2004 : vragen en onzekerheden opnieuw beschouwd
Rapport Rijkswaterstaat RIKZ/2004.025.

Hofstede, J.L.A., 2002. Morphologic responses of Wadden
Sea tidal basins to a rise in tidal water levels and tidal range.
Zeitschrift fiir Geomorphologie, 46/1, 93-108.

Hofstede, J., 2005. Danish-German-Dutch Wadden Environ-
ments. In: E.A. Koster (Ed.), The physical geography of Western
Europ. Oxford University Press, Oxford, 185-205.

Hofstede, J.L.A,, 2007. Entwicklung des Meeresspiegels und
der Sturmfluten: ist der anthropogene Klimawandel bereits
sichtbar? Coastline Reports, 9, 139-148.

Holgate, S. J., 2007, On the decadal rates of sea level change
during the twentieth century, Geophys. Res. Lett., 34, L01602,
doi:10.1029/ 2006GL028492.

Hurk, B.J.J.M. van den., Klein Tank, A.G.M., Lenderink, G., van
Ulden, A.P., van Oldenborgh, G.J., Katsman, C.A., van den
Brink, H.W., Keller, F., Bessembinder, J.I.F, Burgers, G., Komen,
G.J., Hazeleger W. and Drijfhout, S.S., 2006. KNMI Climate
Change Scenarios 2006 for the Netherlands. Scientific Report
WR-2006-01, KNMI, De Bilt, (www.knmi.nl/climatescenarios),
82 pp.

IPCC Summary for Policymakers, 2007. In: Solomon, S. Qin,
D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor
M. and Miller H.L. (Eds) Climate change 2007: the physical
science basis. Contribution of Working Group | to the Fourth
Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, 996 pp.

Jong, F. de, et al, 1999. Wadden Sea Quality Status Report
1999. Wadden Sea Ecosystem No. 9, Common Wadden Sea
Secretariat, Wilhelmshaven.

Kabat, P., Jacobs, C.M.J., Hutjes, R.W.A., Hazeleger, W.,
Engelmoer, M., Witte, J.P.M., Roggema, R., Lammerts, E.J.,
Bessembinder, J., Hoekstra P. and van den Berg, M., 2009a:
Klimaatverandering en het Waddengebied, position paper
Klimaat en Water, WaddenAcademie, 85 pp.

Kabat, P., Fresco, L.O., Stive, M.J.F,, Veerman, C.P., van Alphen,
JS.LJ., Parmet, BW.A.H., Hazeleger W. and Katsman, C.A.,
2009b. Dutch coasts in transition, Nature Geosciences, in
press.

Katsman, C.A., Church, J., Knopp, R., Kroon, D., Oppenheimer,
M., Plag, H.-P., Rahmstorf, S., Ridley, J., von Storch, H., Vaughan
D. and van de Wal, R., 2008a. Bovengrensprojecties voor lokale
zeespiegelstijging aan de Nederla ndse kust voor 2100 en 2200.
In: Vellinga, P., Katsman, C., Sterl, A. and Beersma, J. (Eds.),
Onderzoek naar bovengrensscenario's voor klimaatverand-
ering voor overstromingsbescherming van Nederland: een
internationale wetenschappelijke beoordeling, 2008a (De
Nederlandse vertaling). KNMI, de Bilt, en Wageningen UR,
Wageningen, 20-100.

Katsman, C.A., Hazeleger, W., Drijfhout, S.S., van Oldenborgh
G.J. and Burgers, G., 2008b. Climate scenarios of sea level rise
for the northeast Atlantic Ocean: a study including the effects
of ocean dynamics and gravity changes induced by ice melt.
Climatic Change, 91, 351-374.

Klok, E.J., 1998. Indices die de variabiliteit en de extremen van
het klimaat beschrijven. Klimatol Dienstverl KNMI, De Bilt.
Technical report TR-211, 50 pp.

KNMI (Koninklijk Nederlands Meteorologisch Instituut), 2006.
Klimaat in de 21e eeuw (vier scenario's voor Nederland). KNMI,
De Bilt, www.knmi.nl.

Krogel, F., and Flemming. B.W., 1998. Evidence for tempera-
ture-adjusted sediment distributions in the backbarrier tidal
flats of the East Frisian Wadden Sea (southern North Sea). In:
Alexander, C.R., R.A. Davis, & V.J. Henry (Eds) Tidalites: Proc-
esses and Products. SEPM Spec Publ 61:31-41

Kruijt, B., Witte, J.-P.M., Jacobs C.M.J. and Kroon, T.,, 2008.
Effects of rising atmospheric CO2 on evapotranspiration and
soil moisture: a practical approach for The Netherlands. J.
Hydrol. 349, 257-267.

Langenberg, H., Pfizenmay, A., von Storch H. and Féndermann,
J., 1999. Storm-related sea level variations along the North
Sea coast: Natural variability and anthropogenic change.
Continental Shelf Res. 19: 821-842.

Leeuw, C.C. de, Grootjans, A.P., Lammerts, E.J., Esselink, P.,
Stal, L., Stuyfzand, P.J., van Turnhout, C., ten Haaf M.E. and
Verbeek, S.K., 2008. Ecologische effecten van Duinboog- en
Washoverherstel. Report University of Groningen.

Lenderink, G. and Beersma, J., 2008. Neerslag en droogte. In:
De toestand van het klimaat in Nederland 2008. KNMI, De
Bilt, 24-33.

Lenderink G., van Ulden, A.P., van den Hurk, B.J.J.M.and Keller,
F., 2007. Climate scenario's of temperature and precipitation
for the Netherlands: a study on combining global and regional
climate model results. Clim.Dyn, 29, 157-176.

Lenderink, G., van Meijgaard, E. and Selten, F, 2009. Intense
coastal rainfall in the Netherlands in response to high sea sur-
face temperatures: analysis of the event of August 2006 from
the perspective of a changing climate. Clim. Dyn., 32, 19-33.

Loffler, M.A.M., de Leeuw, C.C., ten Haaf, M.E., Verbeek, S.K.,
Oost, A.P.,, Grootjans, A.P., Lammerts E.J. and Haring, R.M.K.,
2008. Eilanden natuurlijk. Natuurlijke dynamiek en veerkracht
op de Waddeneilanden. Het Tij Geleerd. ISBN/EAN 978-90-
70322-30-4.

Lowe, J. A, Huntingford, C, Raper, S.C.B., Jones, C.D., Liddicoat,
S.K. and Gohar, LK., 2009. How difficult is it to recover from
dangerous levels of global warming? Environ Res.Lett., 4,
014012 (9pp).

Matulla, C., Schoner, W., Alexandersson, H., von Storch H.
and Wang, X.L, 2007. European storminess_ late nineteenth
century to present. Climate Dynamics, DOI 10.1007/s00382-
007-0333-y

Meehl, G.A., Stocker, T.F, Collins, W.D., Friedlingstein, P., Gaye,
AT, Gregory, J.M,, Kitoh, A., Knutti, R., Murphy, J.M., Noda,
A., Raper, S.C.B., Watterson, I.G., Weaver A.J. and Zhao, Z.-C,,
2007. Global Climate Projections. In: Climate Change 2007:
The Physical Science Basis. Contribution of Working Group | to
the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change [Solomon, S., Qin, D., Manning, M., Chen,
Z., Marquis, M., Averyt, K.B., Tignor M.and Miller, H.L. (Eds.)].
Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA.

Meltofte, H., Blew, J., Frikke, J., R6sner, H.-U., and Smit, C.J.,
1994. Numbers and distribution of waterbirds in the Wad-
den Sea: Results and evaluation of 36 simultaneous counts
in the Dutch-German-Danish Wadden Sea. IWRB Publica-
tion 34, Wader Study Group Bull. 34 (special issue). CWWS,
Wilhelmshaven.



4.1 Climate

15

Ministerie van Economische Zaken, 2006. Gaswinning binnen
randvoorwaarden; Passende beoordeling van het rijksproject-
besluit gaswinning onder de Waddenzee vanaf de locaties
Moddergat, Lauwersoog en Vierhuizen. Report.

Mitrovica, J.X., Tamisiea, M.E., Davis, J.L. and Milne, G.A., 2001.
Recent mass balance of polar ice sheets inferred from patterns
of global sea-level change. Nature, 409, 1026-1029.

Mitrovica, J.X., Wahr, J., Matsuyama, I., Paulson, A., Tamisea,
M.E., 2006. Reanalysis of ancient eclipse, astronomic and geo-
detic data: a possible route to resolving the enigma of global
sea-level rise. Earth Planet. Sci. Lett. 243, 390-399.

Nerem, R.S., 2005: 2005 American Geophysical Union Bowie
Lecture, The Record of Sea Level Change From Satellite Meas-
urements: What Have We Learned?

Nerem, R.S., Leuliette, E. and Cazenave, A., 2006. Comptes
Rendus Geosciences, 338, 1077-1083.

Nick, FM., Vieli, A., Howat, .M. and Joughin. 1., 2009. Large-
scale changes in Greenland outlet glacier dynamics triggered
at the terminus. Nature Geoscience, doi:10.1038/NGE0394,
published on-line January 11, 2009.

Oldenborgh, G.J. van, and Ulden, A.P. van, 2003. On the
relationship between global warming, local warming in the
Netherlands and changes in circulation in the 20th century.
Int. J. Clim,, 23, 1711-1724.

Oldenborgh, G.J. van, Drijfhout, S.S., van Ulden, A., Haarsma,
R., Sterl, A., Severijns, C., Hazeleger W. and Dijkstra, H., 2009.
Western Europe is warming much faster than expected Climate
of the Past, 5, 1-12.

Overpeck, J. T., Otto-Bliesner, B.L., Kiehl, J.T.,, Miller, G.H. and
Alley, R.,2006. Paleoclimatic evidence for future ice sheet
instability and rapid sea-level rise. Science 311, 1747-50,. doi:
10.1126/science.11151592006

Perry, A.L., Low, PJ., Ellis J.R. and Reynolds, J.D., 2005. Climate
change and distribution shifts in marine fishes. Science, 308,
1912-1915.

Petersen, J. and Lammerts, E.J., 2005. Chapter 9.2 Dunes. In:
Essink, K., Dettmann, C,, Farke, H., Laursen, K., Lierssen, G.,
Marencic, H. and Wiersinga, W., 2005 (Eds.): Wadden Sea
Quality Status Report 2004. Wadden Sea Ecosystem No. 15.
Common Wadden Sea Secretariat, Wilhelmshaven, 241-258.

Philippart, C.J.M., and Epping, E., 2009: QSR 2009: Climate
change.

Pdrtner, H.0. and Knust, R., 2007. Climate change affects ma-
rine fishes through the oxygen limitation of thermal tolerance.
Science, 315, 95-97.

Rahmstorf, S., Cazenave, A., Church, J.A., Hansen, J.E., Keel-
ing, R.F, Parker, D.E. and Somerville, R.CJ., 2007: Science,
316, 709.

Reid, P.C., Edwards, M., Beaugrand, G., Skogen, M., and Stevens,
D., 2003. Periodic changes in the zooplankton of the North Sea
during the twentieth century linked to oceanic inflow. Fisheries
Oceanography, 12: 260-269.

Reineking, B., and Stidbeck, P. (Eds.), 2007. Seriously Declin-
ing Trends in Migratory Waterbirds: Causes-Concerns-Con-
sequences. Proceedings of the International Workshop on
31 August 2006 in Wilhelmshaven, Germany. Wadden Sea
Ecosystem No. 23. Common Wadden Sea Secretariat, Wil-
helmshaven. 72 pp.

Scheffer, M., Carpenter, S.R., Foley, J.A.,, Folke C. and Walker,
B., 2001a. Catastrophic shifts in ecosystems. Nature, 413,
591-596.

Scheffer, M., Straile, D., Van Nes E.H..and Hosper, H., 2001b.
Climatic warming causes regime shifts in lake food webs.
Limnol. Oceanogr, 46, 1780-1783.

Schmidt, H., 2001. Die Entwicklung der Sturmhaufigkeit in der
Deutschen Bucht zwischen 1879 und 2000. Klimastatusbericht
2001, Deutscher Wetterdienst, Offenbach/Main, 199-205.

Schubert, R., Schellnhuber, H.-J., Buchmann, N., Epiney, A.,
GrieBhammer, R., Kulessa, M., Messner, D., Rahmstorf, S. and
Schmid, J., 2006. Die Zukunft der Meere — zu warm, zu hoch, zu
sauer.Wissenschaftlicher Beirat der Bundesregierung Globale
Umweltverdnderungen.

Sluijter, R., 2008. Opnieuw vijf warme jaren in Nederland.
In: De toestand van het klimaat in Nederland 2008. KNMI,
De Bilt, 6-15.

Smits, A., Klein Tank A.M.G. and Kénnen, G.P., 2005. Trends in
storminess over The Netherlands, 1962-2002. Int. J. Climatol.,
25, 1331-1344.

Sterl, A., van Oldenborgh, G.J., Hazeleger W. and Dijkstra,
H., 2008a. Extreme maximumtemperaturen in de toekomst.
Meteorologica, 17 (3), 4-7.

Sterl, A., Severijns, C., Dijkstra, H., Hazeleger, W., van Olden-
borgh, G.J., van den Broeke, M., Burgers, G., van den Hurk, B.,
van Leeuwen, P.J. and van Velthoven, P., 2008b. When can we
expect extremely high surface temperatures? Geophys. Res.
Lett., 35, L14703, doi:10.1029/2008GL034071.

Sterl, A., Weise, R., Lowe J. and Von Storch, H., 2008c. Winden
en stormvioeden langs de Nederlandse kust. In: Vellinga, P.,
Katsman, C., Sterl A. and Beersm J. (Eds.), Onderzoek naar bov-
engrensscenario's voor klimaatverandering voor overstromings-
bescherming van Nederland: een internationale wetenschap-
pelijke beoordeling, 2008 (De Nederlandse vertaling). KNMI,
de Bilt, & Wageningen UR, Wageningen, 101-120.

Tulp, LY.M,, van Hal R. and Rijnsdorp, A.D., 2006. Effects of
climate change on North Sea fish and benthos. IMARES Rap-
port C057/06, IMARES, IJmuiden, 111 pp.

Van Aken, H.M., 2003. 140 years of daily observations in a tidal
inlet (Marsdiep). ICES Mar Sci Symp 219: 359-361.

Van Aken, H.M., 2008a. Variability of the water temperature
in the western Wadden Sea on tidal to centennial time scales.
Journal of Sea Research, 60, 227-234.

Van Aken, H.M., 2008b. Variability of the salinity in the western
Wadden Sea on tidal to centennial time scales. Journal of Sea
Research, 59, 121-132.

Van de Wal, RS.W., etal.,, 2008. Large and Rapid Melt-Induced
Velocity Changes in the Ablation Zone of the Greenland Ice
Sheet. Science, 321, 111-113.

Van Goor, M.A., 2001 Influence of Relative Sea-level Rise on
Coastal Inlets and Tidal Basins. WL | Delft Hydraulics/Delft
Cluster, Report Z2822/DC03.01.03a.

Van Goor, M.A,, Stive, M.J.F.,, Wang, Z.B. and Zitman, T.J., 2001.
Influence of relative sea level rise on coastal inlets and tidal
basins. Proc. 4th Conf. on Coastal Dynamics, ASCE, Lund,
Sweden, pp. 242-252.

Van Goor, M.A,, Zitman, TJ., Wang Z.B. and Stive, M.J.F,, 2003.
Impact of sea level rise on the morphological equilibrium state
of tidal inlets. Marine Geology 202 (3- 4), 211 -227.

Velicogna I, and Wahr, J., 2006. Measurements of time-vari-
able gravity show mass loss in Antarctica. Science 311:1754.
doi:10.1126/ science.1123785.

Vellinga, P., Katsman, C.A., Sterl A. and Beersma, J.J. (Eds.),
2008. Onderzoek naar bovengrensscenario's voor klimaatveran-
dering voor overstromingsbescherming van Nederland: een

Wadden Sea Ecosystem No. 25 - 2009



16

4.1 Climate

Wadden Sea Ecosystem No. 25 - 2009

internationale wetenschappelijke beoordeling. (De Nederlandse
vertaling). KNMI, De Bilt & Wageningen UR, Wageningen.
178 pp.

Verbeek, K., 2003. De toestand van het klimaat in Nederland
2003. KNMI, De Bilt.

Von Storch, H., Génnert, G. and Meine, M., 2008. Storm
surges--An option for Hamburg, Germany, to mitigate ex-
pected future aggravation of risk. Environmental Science &
Policy, 11, 735-742.

Von Storch, H. and Woth, K., 2008. Storm surges, perspectives
and options. Sustain. Sci., 3, 33-44.

Weijerman, M., Lindeboom H. and Zuur, A.F, 2005. Regime
shifts in marine ecosystems of the North Sea and Wadden Sea.
Marine Ecology-Progress Series, 298, 21-39.

Weisse, R., Fonther, H., and Feser, F.,, 2002. A 40-year high-
resolution wind and wave hindcast for the Southern North
Sea. Proc. 7th Internat Workshop on Wave Hindcasting and
Forecasting, Banff, Canada: 97-104.

Weisse, R., von Storch, H. and Feser, F., 2004. Northeast
Atlantic and North Sea storminess as simulated by a regional
climate model 1958-2001 and comparisons with observations.
J. Climate (submitted).

Weisse, R., von Storch, H., Callies, U., Chrastansky, A.,
Feser, F., Grabemann, I., Glinther, H., Pluess, A., Stoye, T.,
Tellkamp, J., Winterfeldt J. and Woth, K., 2009. Regional

meteo-marine reanalyses and climate change projections:
Results for Northern Europe and potentials for coastal and
offshore applications. Bull. Am. Meteor. Soc. (In press), doi:
10.1175/2008BAMS2713.

Wessels, H.R.A., Brandsma, T., Buishand, TA., Klein Tank, A.M.G.
and Kénnen, G.P., 1999. Waargenomen schommelingen in het
Nederlandse klimaat van de 20e eeuw. In: Kénnen, G.P. (Ed.)
1999. De toestand van het klimaat in Nederland 1999. KNMI,
De Bilt. 64 pp.

Witte, J.P.M., Bartholomeus, R.P,, Cirkel, D.G. andKamps, PW.TJ.,
2008. Ecohydrologische gevolgen van klimaatverandering voor
de kustduinen van Nederland. KINA Rapport KWR 08.006, Kiwa
Water Research, Nieuwegein.

Woppelmann, G., Martin Miguez, B., Bouin, M.-N. and Al-
tamimi, Z., 2007. Geocentric sea-level trend estimates from
GPS analyses at relevant tide gauges world-wide. Global and
Planetary Change 57 (2007) 396-406.

Woth, K., Weisse R. and von Storch, H., 2006. Climate change
and North Sea storm surge extremes: an ensemble study of
storm surge extremes expected in a changed climate projected
by four different regional climate models. Ocean Dynamics,
56, 3-15.

Zipperle, A., and Reise. K., 2005. Freshwater springs on inter-
tidal sand flats cause a switch in dominance among polychaete
worms. Journal of Sea Research 54:143-150.



