Long term variability of sea level in the North Sea
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Abstract

Time series of monthly mean sea level data from 34 stations around the North Sea have been analysed to determine principal modes of variability. North Sea is a coherent region where sea level varies almost uniformly. Within each of the three examined subregions, more than 80% of variance being explained by the first mode. A strong signal in power spectra at the period of 14 months is seen throughout the North Sea, while peaks at periods of 3 yr and 6 yr are apparent at a number of stations.  The oscillations are more pronounced in the northern part of the North Sea. Additionally, variability of a 18 yr period is detected at some sites. None of the observed peaks is associated with a permanent oscillation. All the signals are strongly modulated. A great correspondence in modulation of the 3 yr and 6 yr signals is apparent, with small amplitudes between 1880-1920 and large values after 1940. Maximum amplitudes range from 8.6/8.0 to 4.0/3.7 cm, for the 6 yr/3 yr oscillation. The 14 month oscillation (FMO) shows similar fetures, largest amplitudes being 9.0-3.3 cm. The impact of NAO on different scales of sea-level variability and how it changes over time, has also been examined. The strongest and most persistant relationship between NAO and sea level occurs around the period of 14 months. The influence of NAO is also reflected in the 6 yr and much weaker in the 3 yr sea-level variability. However at these periods there is, in addition to NAO, some other forcing that drives sea-level variability.
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1. Introduction

One of the consequences of the changing climate that rewards utmost concern is the global sea level rise. Signs of the process are being examined in numerous observations of sea level at tide gauges throughout the world. Detecting a globally coherent signal of mean sea level rise is not an easy task since it is strongly modulated by regional processes, in the ocean and related to vertical land movements. Further, sea level changes on a secular scale are influenced by natural low-frequency variability of the atmospere-ocean system. These signals make determination of trends in sea level very sensitive to the length of the record, but also to the epoch over which the trend has been computed (Douglas, 2001). Thus identification of principal modes of low-frequency variability in observed sea level is the first step towards their modeling and elimination from the time series, to obtain a better signal to noise ratio in determination of trend.
The North Atlantic with the adjacent seas is one of the world's regions most densely covered by long-term sea level measurements. A great number of tide gauges that have started operating  in the 18 century are situated along the North Sea shore, so it is not surprising that a number of studies on low-frequency variability are related to the North Atlantic/North Sea region (Tsimplis et al., 1994; Plag and Tsimplis, 1999; Woolf et al., 2003, Wakelin et al., 2003, Yan et al, 2004). 
North Atlantic Oscillation (NAO) is the major mode of interannual variability in the Northern Hemisphere atmospheric circulation. It has a large impact on weather conditions throughout Europe and in the Mediterranean (Hurrel, 1995). Further, NAO is the main source of interannaual variability of wintertime sea level in the Atlantic-Europe region (Woolf et al. 2003). It effects sea level through direct forcing by air pressure and by air-pressure gradient related westerly winds (Woolf et al. 2003, Wakelin et al., 2003). Indirect forcing through increased surface heat and water fluxes leads to steric changes of sea level (Tsimplis and Rixen, 2002). Finally, NAO induced changes in ocean circulation on interdecadal scale may result in long-term sea level changes. The influence of NAO on the North Sea is not uniform nor steady. Shallow coastal areas along the Danish and German shore are most sensitive to NAO due intense storm surges activity induced by strong westerly winds; the relationship between sea level and NAO has significantly strengthened during recent decades (Woolf et al., 2003, Wakelin et al, 2003, Yan et al., 2004). Lately, there is a growing belief that NAO is only a regional manifestation of the global Arctic Oscillation (AO, e.g. Marshall et al., 2001). A recently published study of winter sea level variability throughout Europe in relation to NAO and AO, based on wavelet analysis (Jevrejeva et al., 2005), has shown there is a time-changing relationship between sea level and NAO/AO at several period bands beyond 2 yr, the relation between AO and sea level being generally stronger than between NAO and sea level. 
This study focuses on sea-level variability in the North Sea, examining all available tide gauge records in the area. It investigates principle temporal and spatial modes of variability, in frequency and in time domain. The numerosity of stations enables detection of spatially coherent signals. A sufficient number among them have over hundred and thirty years long, continous records, allowing the investigation of interannual to decadal variability, but also how it has been changing over the last century. The detected peaks are also presented in time domain to see how large are the corresponding sea-level amplitudes. Finally, relation to NAO at different time scales is examined. The results should provide empirical evidence for modeling of low-frequency changes, faciliating the detection of long-term trends in mean sea level.
2. Data

The analysis of long-term variability of sea level in the North Sea is based on monthly mean sea-level data from Permanent Service of Mean Sea level (PSMSL), the global databank of tide-gauge data for the investigation of long term sea-level change. The PSMSL data are divided in two sets. The 'revised local reference' (RLR) set comprises records with controlled benchmark datum stability while records without long term datum control are kept within the 'Metric' data set. In the present study, generally only the 'RLR' data are used. An exception are the Dutch data. They were taken from the 'Metric' set since here were are not investigating secular trends and Dutch coast is densely covered by high quality long-term sea-level measurements which offer invaluable information on low-frequency variability. After inspection a set of 34 stations with continous records of longer duration was extracted from the PSMSL data base (Figure 1 and Table 1). Time series at Abardeen was constructed by merging and adjusting two records (Woodworth et al, 1999). In addition, a much larger number of stations, a total number of 89, were used to interpolate gaps in the selected time series.
Trends

Here we want to focus on variability at interannual to decadal time scales related to large-scale processes. To that end we remove from the time series linear trend. The trend reflects global changes of mean sea level, but also it can originate from regional and local vertical land movements. Throughout most part of the North Sea, relative sea level is rising at a rate 1-2 mm/yr (Figure 2 and Table 1). Clearly visible is the line north of which the emergence of land due to glacial isostatic adjustment (GIA) overbalances the global mean sea-level rise, thus resulting in decline of relative sea level along most of Norwegian coast and in the Shetland Islands. The gretest negative trend of -4.5 mm/yr is recorded at Oslo. The values in Table 1 for the British coast are close to those of Woodworth et al. (1999). The negative trend at Felixstowe is very local and thus eliminates this station from further analysis of low-frequency variability. If the observed trends are adjusted for vertical land movements obtained by Peltier (2001) in a model of GIA, a rising sea level is obtained throughout the region, except at Oslo, Smogen and Lerwick. The large trend at North Shields/Rossyth is likely associated with local submergence/influence of river flow (Woodworth et al., 1999). The scattering among neaby sites can, apart from local effects, be attributed to trends being determined over unidentical epochs and hence being affected by different long-term processes.

Seasonal cycle

Seasonal cycle is the most prominent feature in monthly sea-level time series. It is primarily driven by air pressure changes and winds, local and advected steric changes and hydrological and glaciological contributions. Due to uniform behaviour seasonal cycle is often approximated by a sum of an annual and a semiannual harmonic. Here we determine seasonal cycle as monthly long-term averages, with the final goal to eliminate from our time series energy at seasonal time scales; in this only the complete years of data were used. Throughout the North Sea the seasonal cycle (not shown) is characterised with one minimum in spring (April-May) and one maximum in autumn (October-November) and annual range in the north (~20 cm) almost double that in the south (~12 cm). This is consistent with the general pattern in Europe – the predominant annual harmonic with a small amplitude in southern Europe, increasing towards north (Tsimplis and Woodworth, 1994). However, seasonal cycle in the North Sea shows significant decadal variations due to variability of mechanical atmospheric forcing (Plag and Tsimplis, 1999; Yan et al., 2004). 
Sea-level anomalies

The removal of trends and seasonal cycles from sea-level time series largely eliminates local effects, related to vertical land movements or river inflow. Sea-level anomalies thus obtained apparently embody the large-scale variability. At this point gaps in the data were filled in by linear regression on neighbouring stations, with the correlation coefficient exceeding 0.7. Here a larger number of 89 stations is used. Finally, still existing gaps, if not longer than 2 months, were overbridged by interpolation within the series. In such a way, a final set of 34 time series was established (Figure 3). The longest uninterrupted record (Cuxhaven 2) spans from 1843 to 2001 while a number of stations along the Dutch coast started with continous operation in 1860s.
3. Temporal scales of variability

The largest part of variability in monthly sea-level anomalies occurs at interannual to decadal time scales - power spectra exhibit no distinct peaks at periods shorter than one year (not shown). A peak at the period of 12 months is noticed at some stations (e.g. Hoek van Holland), likely associated with year-to-year changes in hydrological forcing. The most apparent feature throughout the North Sea (Figure 4) is a pronounced FMO; at stations with the longest records (e.g. Esbjerg, Cuxhaven, Delfzijl) the peak is split in two. Two neighbouring peaks (at 3.13 yr and 2.63 yr) are seen at many stations (Oslo, Esbjerg), the left one being more pronounced (Cuxhaven, Delfzijl, Oostende), showing there is some periodicity in sea level of about 3 yr period. The longest-period signal that could be considered significant is observed at the period of 6.25 yr, at a number of stations (Smogen, Esbjerg, Cuxhaven, Den Helder) which are situated along the northeastern coast of the North Sea. At the longest resolved periods, a peak at 16.67 yr period is noticed in some of the spectra (Delfzijl, Den Helder). However, the spectra computed with a higher frequency resolution, but wider confidence interval (not shown), place this peak at the period of 18.50 yr. 

A more coherent picture of the spatial distribution of the observed peaks is obtained if the power spectra of long-record stations, starting from the north southward, are drawn as isolines (Figure 5). An increse of energy at periods around 14 months, 3 yr and 6 yr is seen at all the stations, except at Vlissingen where the 6 yr peak is not present. In addition, the 18 yr peak is noticed from Esbjerg to Delfzijl. The energy at all these time scales is largest at Esbjerg and Cuxhaven and decreases as we move southward. Finally, a very-low frequency signal is present at Vlissingen and Ijmuiden.
Similar results have been obtained in several other studies. Wavelet spectrum of winter-mean sea level, at a number of European sites, exhibits high power in the 2.3-3.5 yr and 5.2-7.8 yr band, while a signal in 12-18 yr band was identified at Abardeen but not at other North Sea stations (Jevrejeva et al., 2005). The existence of the FMO, 2-3 yr and 5-8 yr variability in northwest Europe has also been detected by Yan et al. (2004). The strong signal at 14 months has amply been studied (Tsimplis et al., 1994., and the references therein). Although the period closely corresponds to the pole tide – the long-period tidal constituent due to variation of the Earth’s axis of rotation with respect to mean geographic pole, the Chandler Wobble - the amplitude is several times greater than would be expected from the equilibrium response to the forcing. It has been shown that the signal is of meteorological origin, driven by zonal wind component that is energetic at this frequency (Tsimplis et al., 1994). Furthermore this oscillation is not steady in frequency, but a considerable shift towards shorter periods has been observed over the last century (Plag, 1997). 

4. Empirical Orthogonal Functions (EOF) Analysis

The spatial pattern of sea-level spectra (Figure 5) reflects the fact that interannual to decadal variability is associated with large-scale processes. Empirical Orthogonal Functions (EOF) provide a robust way to extract from individual continuous records a coherent signal and to detect principal modes of large-scale variability, although recently several new methods have been developed to treat time series with gaps (Houseago-Stokes and Challenor, 2004; Shaw et al., 2004).
Here the North Sea is analyzed by breaking the area into two regions – the North and the South – the 550 N parallel separating them (Figure 1). An additional analysis is done covering the stations with the longest records which are situated along the eastern coast of the North Sea, to obtain information on the low-frequency variability. The stations to be used within each region were chosen as to give the greatest number of simultaneous data (Table 4). 

Results are shown in Figures 6a to 6c. In each of the regions consistently more than 80 % of sea-level variance is explained purely by the first mode, while all the higher modes can be regarded as insignificant. Thus, within each region sea level varies in time almost uniformly. Nevertheless, in the Northern region (Figure 6a) the first mode eigenvector shows grouping of stations (Western Norwegian coast, Eastern Norway to Denmark, Great Britain). The second and third mode eigenvectors, although of small amplitude, indicate smaller coherent subregions (Eastern Norway with Sweden, Denmark). Finally, the results suggest in-phase variations of sea level in the Western Norway and in the Northern part of Great Britain. The Southern region (Figure 6b) is characterised with even greater uniformity, the first mode explaining almost 90 % of the total variance. Sea-level variability decreases continuously from north southward. Here, the eastern and the western side form a spatially homogeneous area; the second mode oscillations at both sides of the English Channel are in phase, and opposed to those further north. The analysis carried out on long-term records at the Western European coast, (i.e. the Eastern region, Figure 6c) shows the same behaviour, with some indication that the stations at Ijmuiden and Vlissingen introduce inhomogeneities into the area. Time amplitudes (not shown) of the first mode reveal similar features in all the three regions. The most prominent are: strong peaks around 1952, 1968, 1983, 1990, minima around 1963, 1972, 1986, and a long lasting negative anomaly around 1960 followed by a persistent positive anomaly. This indicates that similar temporal variability is experienced over the whole North Sea. 

Power spectra of the first-mode time amplitudes are shown in Figure 7. Due to short time series some of the previously observed peaks do not pass the significance test, while the low-frequency spectrum is available only for the Eastern region. The EOF spectra reproduce the main features already observed at individual stations. Most of the signal in the overall spectra (upper panels) is associated with the 14-month oscillation. In the Northern region a peak around the period of 3.57 yr is well distinguished. The low-frequency spectrum (lower panel) is dominated by the 14.28 months oscillation. It also reveals enhanced energy around 3.13 yr, 4.54 yr, 6.25 yr, and at 18.50 yr. However, the very‑long period signal observed at several Dutch stations emerges in the second EOF mode (Figure 7, bottom right panel).
5. Time evolution of the low-frequency variability
In order to examine persistence of each particular peak, power density spectra were determined within shorter time intervals (50 years), sliding in time with a 2 yr time step; within each interval, the spectrum was smoothed by Hanning, halfoverlapping windows of 25 yr length. The spectrum at each time step was attributed to the central time of the corresponding time interval. The running spectra for five long-record stations are shown in Figure 8. Also shown are the running spectra of the first and second EOF mode, for the Eastern region. 

It is apparent that none of the earlier observed peaks (Figures 4 and 7) is associated with a permanent oscillation of a constant amplitude. Rather, the quasi-periodic oscillations at periods around 3 yr, 6 yr and 18 yr have a large interdecadal variability; the 3 yr and 6 yr signals are rather weak in the first half and become more energetic in the second half of the twentieth century (20C), while the 18 yr signal is much larger prior to 1920s. The 14-month oscillation is the most persistent feature, but with a clearly seen shift towards shorter periods. Such a systematic shift in periods is not seen for the 3 yr and the 6 yr peak. Finally, the strongest signal in the second EOF mode is the very‑long period variability until 1950s, peaking at the beginning of the observation period (Figure 8, lower left panel).

One may be interested to know how large are the amplitudes of these low-frequency sea-level oscillations. To that end a series of band pass filters is applied to the detrended anomalies and to the time amplitude of the first EOF mode. The extracted time series, corresponding to the 18 yr, 6 yr, 3 yr and 14-months variability are shown in Figures 9a, 9b, 9c and 9d, respectively.

The oscillation with the period of 18 yr (Figure 9a) has a noticable amplitude in the last part of nineteenth and at the beginning of the 20C, from 1920 until 1940 it diminishes and becomes larger again in the second part of the last century. When maximum, the amplitude ranges from 3.3 cm (Delfzijl) to 2.2 cm (Abardeen); the 5 cm amplitude at Ijmuiden seem specious. The phases at different stations are in good agreement from 1940 onwards. However, there is a discrepancy between the phases in the first part of the series. 

The 6 yr and the 3 yr oscillations (Figures 9b and 9c) have much larger amplitudes. The two series are strongly modulated, with very similar interdecadal variability - significant amplitudes before 1890s, moderate oscillations until 1930s and large amplitudes from 1940 onwards. Maximum amplitudes range from 8.6/8.0 cm (Oslo) to 4.0/3.7 cm (Abardeen/Vlissingen). It is striking how the phases concur all along the eastern side of the North Sea, but a phase shift is ocassionally noticed at the western side (Abardeen), especially in the 3 yr variability. The high agreement of phases gives confidence that the extracted signals are real.
The 14-month oscillation (Figure 9d) is also strongly modulated. The largest amplitudes (from 9.0 cm at Cuxhaven to 3.3 at Abardeen) appear during the decade 1940-1950, but the signal is much more persistent than the longer-period oscillations and no significant weakening is noticed in the period 1920-1940. The 14-month variability is most energetic along the Danish and German coast. However, it is interesting to notice that the 6- and 3 yr variability is of comperable strength in this region and in Scandinavia (Oslo).
6. Relation to NAO
NAO has a strong impact on winter sea-level variability in the North Atlantic region. There is a strong positive relationship between winter-mean sea level and winter NAO Index (higher than normal sea levels under strong NAO conditions) in the northern Europe and a negative relationship in southern North Atlantic and Mediterranean. In the North Sea, the largest correlation is in the north and east. The greatest sensitivity to NAO is experienced along Danish coast, peaking in the German Bight; the effect is partly due to hydrostatic adjustment to air pressure, but largely due to storm surges caused by strong-NAO related westerly winds. The relation to NAO is not stable but changes in time. It was weaker early in the 20 century (20C) and has strengthened in the last few decades (Wakelin et al., 2003, Woolf et al, 2003; Yan et al., 2004).

The impact of NAO on different time scales of sea-level variability can be examined by comparing the running spectrum sea level to that of the NAO Index (Figure 8, bottom right). NAO exhibits generally similar features as sea-level anomalies - a strong maximum around 14 month period and peaks close to 3 yr and 6 yr. Additional transient signals at periods shorter than 2 yr are apparent. If compared to the sea-level spectra at Cuxhaven or Esbjerg (not shown), where the sensitivity to NAO is greatest, there is a close correspondence in the 14-month variability throughout the largest part of 20C, though it fails in the first part of the series. Furthermore, the shift towards shorter periods during 1960s is also visible in NAO. However, the interdecadal variabilities of the 3 yr and the 6 yr signals are quite different. The NAO, contrary to sea-level spectrum, reveals a pronounced 2-3 yr variability from the beginning of the observation period until the beginning of the 20C. Furthermore, the 6 yr signals of NAO and sea level show a complementary pattern. Sea level exhibits low energy between 1880s and 1930s and a strong signal afterwards, while at this time scale NAO is most energetic until 1930s. The observed interdecadal variability of the NAO signals corresponds well with wavelet spectrum of NAO presented by Wanner et al. (2001).
Running coherence between NAO and sea level anomaly (at Cuxhaven and the first EOF mode, Figure 10) provides a more evident picture of the relationship. The most striking feature is the high coherence at 14 month period throughout most of 20C. It reaches maximum at the end of the observation period with coherence squared equal to 0.94/0.88 at Cuxhaven/first EOF mode. At longer periods the coherence is much lower or not so persistent. The 6 yr variability is characterized by large values in the second part of 20C. The coherence of the 3 yr variability is much lower. In addition to these earlier identified signals, the coherence is enhanced at 0.4-0.6 yr-1, before 1910s. This is related to a peak centered at 0.5 yr-1, which is pronounced locally at Cuxhaven but is much weaker at other sites (Figure 8). 
These results generally agree with those of Jevrejeva et al. (2005). In a more detailed analysis using wavelet and crosswavelet spectra, but focusing on periods longer than 2 yr, they found a relation between NAO and sea level at 2.2-2.8 yr, 3.5 yr, 5.2-5.7 yr and 7.8 yr periods. They also showed the relationship is not stable, the correlation being lower until 1930 and becoming stronger afterwards, with a shift in maximum coherence from 2.2-3.5 yr to 5.3-7.8 yr after 1940. Yan et al. (2004) offer one possible explanation for the recently increased coherence, namely that the two-site based NAO Index describes general atmospheric circulation better in recent years than before, due to an eastward shift of NAO centers of action during recent decades.
7. Discussion and conclusions
All the available long-term measurements from tide gauges along the North Sea shore have been examined in order to detect and analyze low-frequency variability. Principle modes of variability are at periods close to 14 months, around 3 yr and 6 yr. The oscillations are largest along the Danish coast and in the German Bight, due to largest effects of westerlies wind over shallow shelf area (Wakelin et al., 2003).
At interannual to interdecadal time scales sea level varies almost uniformly over large regions of the North Sea. Nevertheless, higher (insignificant) EOF modes have detected smaller coherent subregions with indications that stations Ijmuiden and Vlissingen introduce inhomogeneities into the area. A new indication for this is found in autocorrelation (AC) functions (not shown). The AC at majority of the North Sea sites is lost typically after 4-9 months but at these stations it remains significantly different from zero for several years. This is also reflected in the power spectra (Figure 5). In addition to the FMO, 3 yr and 6 yr variability, longer-period (bi- to multidecadal) signals are seen at several stations. However, the very-low frequency signal is by far the strongest at Ijmuiden and Vlissingen. Furthermore, it emerges only in the second EOF mod (Figures 7 and 8). This mode describes sea level oscillating with opposite phase at the northern and the southern Dutch coast (Figure 6c). In addition, band passed time series about 1/18 yr-1 frequency (Figure 9a) show in the fist part of the series, a considerable phase difference among nearby stations, in contrast to the highly concurring phases of oscillations at 1/6 yr-1 and 1/3 yr-1 frequencies. It is not likely that some large-scale process would induce a sea-level response that changes over such small distances. More likely, these signals at Ijmuiden and Vlissingen are related to some local processes (e.g. vertical land movements) most intensively at action prior to 1940. Hence this leads to a conclusion that 'Metric' tide-gauge data from Netherlands give a substaintial information on interannual to decadal variability but results have to be very carefully interpreted when moving to larger temporal scales.
None of the identified signals is associated with a permanent oscillation of a constant amplitude (Figures 8 and 9). Amplitudes are stongly modulated, showing a pronounced interdecadal variability. The oscillations at all periods (14 month, 3 yr, 6 yr) are weak between 1880-1920 and become much more energetic after 1940, each contributing with 4-9 cm to sea level. It is striking how the modulation of the 3 yr signal closely corresponds to that of the 6 yr signal, and there is also a cosiderable agreement with the FMO. This is a strong indication that the 3 yr and the 6 yr variability are signitures of the same global cycle in the atmosphere-ocean system. As for the 18.50 yr signal, the period suggests the signiture of another long-period tidal component, namely the nodal tide. However, the changing amplitude and the transient character point to some global atmosphere-ocean cycle.
The relation of sea-lever variability to NAO has been firmly established in a number of papers, describing the spatial pattern and interdecadal variability (Wakelin et al., 2003, Woolf et al, 2003; Yan et al., 2004, Jevrejeva et al., 2005). The running spectrum (Figure 8) in the low-frequency domain confirms the results of Jevrejeva et al. (2005) - NAO exhibits variability at periods 2.2-3.5 yr and 5.2-7.8 yr, that changes over decades. Moreover, it reveals a pronounced peak at the period of 14 months which is closely related to the FMO in sea level during largest part of 20C. The running coherence (Figure 10) confirms that strongest and most persistant impact of NAO on sea level occurs around the period of 14 months. The influence of NAO is also reflected in the 6 yr and much weaker in the 3 yr sea-level variability. The changing coherence and the complementary running spectra patterns further support Jevrejeva et al. (2005) that, in addition to NAO, there is some other forcing that drives sea-level variability at these periods. The 14 month oscillation in sea level is however to a large degree governed by NAO.
Acknowledgements
This study was initaited as part of collaborative work within the European Sea Level Service Infrastructure Project (ESEAS-RI, contract EVR1-CT-2002-40024), supported by European comission. The author thanks colleagues for productive talks during project meetings and Mirko Orlic for a fruitful discussion.
References

Douglas, B.C., 2001. Sea level change in the era of the recording tide gauge. In Sea Level Rise; History and Consequences, Douglas, B.C., Kearney, M.S., Leatherman, S.P., (Eds.), Academic Press, San Diego. Pp 232. 

Houseago-Stokes, R.E., Challenor, P.G., 2004. Using PPCA to estimate EOFs in the Presence of Missing Values. Journal Atmospheric and Oceanic Technology. 21, 1471-1480.

Hurrel, J.W., 1995. Decadal trends in the North Atlantic Oscillation: Regional Temperatures and Precipitation. Science 269, 676-679.

Jevrejeva, S., Moore, J. C., Woodworth, P. L., Grinsted, A. 2005. Influence of large-scale atmospheric circulation on European sea level: results based on the wavelet transform method. Thellus A 57, 183-193
Marshall J., Kushner Y., Battisti D., Chang P., Czaja A., Dickson R., Hurrell J., McCartney M., Saravanan R., Visbeck M., 2001. North Atlantic climate variability: Phenomena, impacts and mechanisms. International Journal of Climatology 21, 1863-1898.

Peltier, W.R., 2001. ICE4G (VM2) Glacial Isostatic Adjustment Corrections. In Sea Level Rise; History and Consequences, Douglas, B.C., Kearney, M.S., Leatherman, S.P., (Eds.), Academic Press, San Diego. Pp 232. 
Plag, H.-P., 1997. Chandler wobble and pole tide in relation to interannual atmosphere-ocean dynamics. In: Wilhelm, H., Zuern, W., Wenzel, H.-G.(Eds.), Tidal Phenomena.. Lecture Notes in Earth Sciences 66, Springer, pp 183-218.
Plag, H.-P., Tsimplis, M. N., 1999. Temporal variability of the seasonal sea-level cycle in the North Sea and Baltic Sea in relation to climate variability. Global and Planetary Change 20, 173-203.

Shaw, A.G.P., Tsimplis, M.N, Challenor, P.G., Houseago-Stokes, R.E. (2004). ESEAS Development of Regional Indicies of Sea Level. In: Observing and Understanding Sea Level Variations. Book of Abstracts, St. Julians, Malta, pp. 48. 
Tsimplis, M.N., Rixen, M., 2002. Sea level in the Mediterranean Sea: The contribution of temperature and salinity changes. Geophysical Research Letters 29, doi: 2002GL015870.

Tsimplis, M.N., Woodworth, P.L., 1994. The global distribution of the seasonal sea level cycle calculated from coastal tide gauges. Journal of Geophysical Research 99, C8, 16031-16039.
Tsimplis, M.N., Flather, R.A., Vassie, J.M., 1994. The North Sea pole tide described through a tide-surge numerical model. Geophysical Research Letters 21, 449-452.

Wakelin, S.L., Woodworth, P.L., Flather, R.A., Williams, J.A., 2003. Sea-level dependence on the NAO over the NW European Continental Shelf. Geophysical Research Letters 30, doi: 10.1029/2003GL017041.

Wanner, H., Broennimann, S., Casty, C., Gyalistras, D., Luterbacher, J., Schmutz, C., Stephenson, D.B., Xoplaki, E., 2001. North Atlantic Oscillation – concepts and studies. Surveys in Geophysics 22, 321-382.

Woodworth, P.L., Tsimplis, M.N., Flather, R. A., Shennan, I., 1999. A review of trends observed in British Isles mean sea level data measured by tide gauges. Geophysical Journal International 136, 651-670.
Woolf, D.K., Shaw, A.G.P., Tsimplis, M.N., 2003. The influence of the North Atlantic Oscillation on sea-level variability in the North Atlantic region. Global Atmosphere and Ocean System 9, 145-167.

Yan, Z., Tsimplis, M. N., Woolf, D., 2004. Analysis of the relationship between the North Atlantic Oscillation and sea level changes in northwest Europe. International Journal of Climatology 24, 743-758.
Figure captions
Figure 1. Analysis of sea-level variability in the North Sea was based on records from 34 tide-gauge stations (triangles); data from additional stations (dots) were used for interpolation of gaps. Dashed lines indicate regions covered by EOF Analysis (Northern, Southern and Eastern Region).

Figure 2. Trends in sea level of the North Sea, determined form PSMSL data for 34 stations in the region.

Figure 3. The North Sea data set after gaps have been filled by linear regression on neighbouring stations, and minor interpolation within the time series. 

Figure 4. Power density spectra for a selection of North Sea stations. The spectra were determined by the Welch method. Smoothing was done over Hanning, half-overlapping windows of length depending on the span of the longest continous part of each series. Vertical bars denote corresponding 95 % confidence intervals.

Figure 5. Power density spectra of long-record stations (from north southward), shown as isolines. 

Figure 6a. Results of EOF analysis, in the northern part of the North Sea; station numbers in the title refer to station names given in Table 2. Variance explained by each mode (left). Eigenvectors for the first three modes (drawn offset by 3) (right). 

Figure 6b. The same as in Figure 6a, but for the southern part of the North Sea.

Figure 6c. The same as in Figure 6a, but for the long-record stations along the German and Dutch coast of the North Sea (Eastern region).

Figure 7. Power spectrum of the first EOF mode in the Northern and Southern region (top panels). Low frequency part of power spectrum of the first and second EOF mode in the Eastern region (bottom panels). Length of the (half-overlapping Hanning) windows was set according to the length of the continous part of each time series (given in the title of each figure).

Figure 8. Running power density spectra: sea-level anomalies at several long-record stations, the first and second EOF mode in the Eastern region and the NAO Index. On the upper horizontal axes shown are the characteristic periods. 

Figure 9a. Band-pass filtered series (the pass band centered around 18 yr period) of sea-level anomalies at the long-record stations and of the first EOF mode (Eastern Region) time function. The filter pass band was set between 1/22 yr-1 and 1/16 yr-1 and the filter half-length equal to 25 years.
Figure 9b. Band-pass filtered series around 6 yr period. The filter pass band was set between 1/12 yr-1 and 1/4 yr-1 and the filter half-length equal to 15 years.

Figure 9c. Band-pass filtered series around 3 yr period. The filter pass band was set between 1/4 yr-1 and 1/2.4 yr-1 and the filter half-length equal to 15 years.

Figure 9d. Band-pass filtered series around 14 months period. The filter pass band was set between 0.75 yr-1 and 0.9 yr-1 and the filter half-length equal to 15 years.

Figure 10. Running coherence squared between NAO Index and sea-level anomaly at Cuxhaven/first EOF mode (Eastern region) (left/right), determined over 60 yr intervals sliding with a 5 yr time step. Within each interval, coherence was calculated over five 20 yr long, half-ovelapping windows.


















