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Summary

This paper presents estimates of rates of mean sea level (MSL) change around the UK
based on a larger tide gauge data set and more accurate analysis methods than have been
employed so far. The spatial variation of the trend in MSL is found to be similar to that
inferred from geological information and from advanced geodetic techniques, which is a
similar conclusion to that arrived at in previous, less precise and complete studies. The
tide gauge MSL trends for 1901 onwards are estimated to be 1.4 +/- 0.2 mm/year larger
than those inferred from geology or geodetic methods, suggesting a regional sea level rise
of climate change origin several 1/10s mm/year lower than global estimates for the 20"
century. However, UK MSL change cannot be described in terms of a simple linear
increase alone but includes variations on interannual and decadal timescales. The possible
sources of variation in a ‘UK sea level index’ are explored. Air pressure is clearly one
such possible source but its direct local forcing through the ‘inverse barometer’ accounts
for only one third of the observed variability. A number of larger scale atmospheric and
ocean processes must also play important roles, but modelling them satisfactorily and
separating the individual contributions presents a major challenge. As regards future
regional UK sea level changes, we conclude that there is no basis for major modification
to existing projections for the 2080s included in the 2002 UK Climate Impacts

Programme studies.

Abbreviated title: Trends in UK Mean Sea Level
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1. Introduction

Sea level change is an important scientific topic, closely linked to studies of climate
change, solid earth processes and geodetic science. It is of great interest to government
and the general public because of the possible impacts of sea level rise on the coast and

the associated costs of coastal protection.

This paper provides estimates of long term sea level change as observed in records of the
UK National Tide Gauge Network. A major review of changes in UK mean sea level
(MSL) was undertaken almost a decade ago by Woodworth et al. (1999). That report
concluded that sea level had been rising around our coasts during the 20" century at rates
consistent with knowledge of vertical land movements obtained from geological data,
together with an additional 1 mm/year. That amount was compatible with, if at the lower
end of the range of, the 1-2.5 mml/year estimated for global sea level change by the
Intergovernmental Panel on Climate Change (IPCC) Second Assessment Report (Warrick
et al., 1996). That conclusion was unchanged by the modified range for 20" century
global sea level change of 1-2 mm/year in the IPCC Third Assessment Report (Church et

al., 2001).

Since then, there have been major workshops (e.g. World Climate Research Programme
workshop on Sea Level Rise and Variability, Church et al., 2007a), reviews by individual

scientists (e.g. Woodworth et al., 2004), and, most recently, the publication of the IPCC



Fourth Assessment Report (Bindoff et al., 2007). A consensus seems to have been
achieved that the 20™ century rise in global sea level was closer to 2 than 1 mm/year,
with values around 1.7 mm/year having been obtained recently for the past century
(Church and White, 2006) or past half-century (Church et al., 2004; Holgate and

Woodworth, 2004).

As almost a decade has passed since the last major UK investigation of this topic, it is
reasonable to examine the evidence for long term sea level change once again from a
national perspective. In particular, in the study of Woodworth et al. (1999), the shorter
sea level records available were not able to contribute in a major way to the analysis. In
the present study, the records are now several years longer and a serious attempt has been
made to make more effective use of them. The last decade has also seen great advances in
the development of advanced geodetic techniques for measuring vertical land movements
at tide gauges (IOC, 2006). These concern primarily the Global Positioning System
(GPS) and absolute gravity (AG), or, in the case of the UK, the two techniques used in

combination (Teferle et al., 2006).

A main objective of the present investigation is to determine more accurately than before
the recent rates of sea level change around the UK coastline. A particularly important
component of that investigation is a comparison between tide gauge information and data
from geological sources and, in the case of sites with long sea level records, between tide
gauge and GPS information. A second objective is to understand more about the reasons

for interannual and decadal variability in UK sea level. This is an important topic in



itself, but it is also relevant in a discussion of long term sea level trends. The degree to
which one is able to model (or understand) the variability determines the accuracy with
which long term trends can be computed, and enters ultimately into a consideration of the

ability for making useful predictions of future sea level.

2. Data Sets

The UK National Tide Gauge Network is operated by the Proudman Oceanographic
Laboratory on behalf of the Environment Agency. It consists of 44 sites, almost all of
which nowadays use bubbler pressure gauges as the primary sensors, equipped in many
cases with half-tide sensors for datum control (Woodworth et al., 1996). A short history

of recording at each site was provided by Woodworth et al. (1999).

All UK data are contributed to the Permanent Service for Mean Sea Level (PSMSL,
Woodworth and Player, 2003) and can be inspected and downloaded Vvia

www.pol.ac.uk/psmsl. The Revised Local Reference (RLR) section of that data set

provides the monthly and annual MSL values, measured with respect to the same local
land datum at each station, which are the most suitable for time series analysis. Two RLR
records are available from both Aberdeen and Liverpool, and these were combined into
composite records for each site. In addition, an early section of the Holyhead RLR record
was adjusted for the local difference between MSL and Mean Tide Level as described by
Woodworth et al. (1999). The HadSLP2 monthly mean air pressure data set (Allan and

Ansell, 2006) was downloaded from the Hadley Centre, UK Met Office



(hadobs.metoffice.com/hadslp?), while best estimates of rates of late Holocene sea level

change, represented by the negative of the best estimated values of relative land

emergence/submergence, were extracted from Shennan and Horton (2002).

3. Sea Level Trends

Table 1 presents the linear trends in annual MSL in each record for sites with more than
15 complete years of RLR data, a minimum selection criterion as justified by Woodworth
et al. (1999). Figure 1 shows their locations. The RLR records from Whitby and
Felixstowe were not included in our selection as the PSMSL documentation made clear
that they were of poor quality. Only complete years were considered for the station
selection criteria, and used for Table 1 for consistency with a similar table in Woodworth
et al. (1999), but in the following tables and figures in this report we have also employed
annual means computed for years containing only 11 months of data, consistent with
normal PSMSL practice. This provides a small increase in the number of station-years
available for analysis, at the expense of slightly less precise annual mean values. The gain

can be seen by comparing the number of years of data in Tables 1 and 2.

The five longest records are shown in Figure 2(a), while MSL values for each record are
shown relative to those at Newlyn in Figure 2(b). The time series in the latter are
described to a good approximation in terms of a linear trend, consistent with a general
picture of there being an approximately linear vertical land movement signal in each sea

level record together with coherent variability due to oceanic and meteorological



forcings. The five long records provide a reasonably representative sampling of sea level
change around the UK coastline. Woodworth et al. (1999) demonstrated that, while the
character of sea level variability differs between locations, part of this variability is
coherent between sites. Consequently, records can justifiably be combined into a UK “sea
level index” which will be employed below. An index for 1901 onwards, based on the
five long records each detrended over a common period 1921-1990, is shown in Figure
3(a), providing an update to the index presented by Woodworth et al. (1999). Although
there are gaps in all records, at least 3 of the 5 stations are represented in the index for all

years apart from 1902, 1904 and 1915.

Woodworth et al. (1999) referred to the weak correspondence of the Liverpool time series
with the other four records, and this remains the case. Nevertheless, it is one of the
longest UK records and cannot be excluded from a UK-average, at the risk of adding
more noise than signal to the average. In spite of the simplicity of constructing an index
in this way, the resulting time series is almost identical to a second index computed using
principal component analysis of both long and short records. The two indices, and their
regional subsets, provide convincing evidence (Figures 8-11 of Woodworth et al., 1999)
for a large part of the MSL variability around the UK coast being coherent. The UK
index closely resembles a separate index for the North Sea/English Channel, based
primarily on data from the European coastline (Shennan and Woodworth, 1992) and, as
we shall below, it is similar to individual European records from Norway to France.
Consequently, we have persevered with the use of the readily-updateable simple 5-station

index in the present study, confident that it represents a major part of regional coastal



MSL variability. The index has a zero long term trend by construction. It contains a small
‘acceleration’ with a quadratic coefficient of 0.0055 + 0.0028 mm/year?, comparable to
those of the longest records which commence in the mid-19th century (Table 3). It also

contains interannual and decadal variability with a root-mean-square (rms) of 24.5 mm.

In previous analyses of MSL trends, in which comparisons are made to rates of sea level
change from nearby geological information, the normal procedure has been to emphasise
the importance of the longest records. For example, Douglas (1991), Shennan and
Woodworth (1992) and Tsimplis and Spencer (1997) determined that typically 50 years
of data are usually required to derive a standard error on a linear trend of approximately
0.3 mm/year, and therefore be useful in studies where the trends themselves are of the
order of 1-2 mm/year. (Pirazzoli, 1986 arrived at a similar conclusion from qualitative
inspection of the records.) Therefore, shorter records have often been discarded or given
a lower weight. However, several authors have used Empirical Orthogonal Function
(EOF) or ‘master station’ techniques (e.g. Emery and Aubrey, 1991; Woodworth and
Jarvis, 1991; Savage, 1995; Woodworth et al., 1999), and have shown that shorter records
can be used to derive relative sea level trends between stations to good accuracy, taking
advantage of the fact that any coherent variability is removed when one station record is

compared to another.

Therefore, in the present analysis we have made use of the index itself as the ‘master’,
with a trend computed for a record relative to the index being the best estimate of long

term change at a site. We have also made use of MSL values for 1955-2006 provided by



a tide+surge barotropic numerical model for the NW European continental shelf (Flather
et al., 1998), in an attempt to remove some of the higher-frequency variance from the
shorter individual records. In the case of such records which commence after 1955, the
model annual MSL values are subtracted from the measured MSLs, and the

corresponding model average-MSL for the five stations is subtracted from the index.

Table 2 presents the linear trends for each station computed by this method, the flag
indicating whether each record has been compared simply to the index (flag 0) or has
been adjusted by the numerical model (flag 1). The last column shows the correlation
coefficient between each MSL record (before any model correction and trend fitting) and
the index. The coefficient is seen to be positive for every station. Of course, a positive
correlation is to be expected for the five long records which make up the index. However,
the fact that all the others are also positive provides further evidence for part of the
variability being similar at each site, and supports the 'master station' approach. The
removal of the common variance can be seen to be important. While in some cases there
is little improvement, in other cases the standard errors are only a fraction of those
obtained by fitting linear trends to the original records in Table 1. The benefit of using
the model (flag 1) was a modest one but it did result in a reduction in residual variance
about the fitted trend relative to that in the simple comparison to the index (flag 0) for 10
of the 12 records starting in 1955 or later. Therefore, we have chosen to use the flag 1

results for these stations.



Two main reservations can be made about the index as employed here. A first is that, as
referred to above and as can be seen from Table 2, the similarity between Liverpool and
the index of which it is a component is weak. A second is that, due to gaps in each of the
5 records, the index will have been defined by a different set of stations at different times.
Consequently, when a short record is considered, there is a varying possibility of its
nearest neighbour long records being included or not in the index, which could affect the
apparent strength of correlation of the short record with the index. However, these two
reservations cannot be major ones: the similarity of the 5-station time series with other
forms of UK and European index means that Liverpool (or bad sections of data in any of
the 5 records) cannot result in a significant distortion of it, while the existence of data
from 3 of the 5 stations at all times (apart from 3 early years) means that any localised
correlations between a short record and a long-record neighbour will be diluted by at least
a factor of 3 in the correlation with the index. The complete set of positive correlations,
of whatever magnitude, in Table 2 provides reassurance of a reasonable (if inevitably

imperfect) procedure.

A validation of these findings can be made by comparison of the trends in MSL to those
obtained from geological information near to the tide gauge stations. Such comparisons
have been made before but with the use of the MSL trends as observed in the individual
records (Shennan and Woodworth, 1992; Woodworth et al., 1999; Shennan and Horton,
2002). Figure 4(a) shows a scatter plot of the MSL trends in Table 1 with the ‘best
estimates’ of geological trends by Shennan and Horton (2002) (Table 4). Standard errors

for the “best estimates’ are not given by Shennan and Horton (2002), so we have used 0.2
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mm/year throughout for the present study, based on inspection of the tables in their

report.

Evidence for correlation between tide gauge and geological data can be seen in Figure 4
(a). However, the correlation is at first sight less convincing than in studies of North Sea
or Scandinavian data (e.g. Shennan and Woodworth, 1992; Milne et al., 2001). The
reason for this is that the range of possible sea level trends (or vertical land movements)
around the UK is of the order of only 2 mm/year, compared to the 4 and 9 mm/year in the
North Sea and Scandinavia respectively, rather than a generally lower accuracy of UK
data. Figure 4 (a) has many similarities to Figure 8 of Shennan and Horton (2002), who
made use of the measured MSL trends reported in Woodworth et al. (1999). This would
suggest that the addition of a decade of new tide gauge information has resulted in little
improvement in agreement between the data sets. However, the correlation is improved in
Figure 4(b) with the use of the MSL trends from Table 2. Simple correlations between
points (ignoring individual errors) of 0.25 and 0.59 are obtained from Figures 4(a) and (b)
respectively. This demonstrates that there is a benefit in using the index as a ‘master

station’ in enabling shorter records to be used in analyses of long term change.

In spite of the apparent improvement in agreement between UK tide gauge and
geological data sets, there are some reservations to be made. A first is that Figure 4 (b)
contains several outliers with the largest from Rosyth and Immingham. Rosyth was a UK
Hydrographic Office gauge, the generally poorer quality of which was remarked on by

Woodworth et al. (1999). It is no longer operational. The Immingham tide gauge is

11



known to be affected by density changes due to runoff from the Humber. In addition, the
choice of geological trend to use for comparison depends critically upon location in the

estuary (Shennan and Horton, 2002).

A second reservation is that the Shennan and Horton (2002) data set does not contain
geological estimates for the Hebrides, Shetlands or Northern Ireland. Therefore, MSL
records from Stornoway, Lerwick and Belfast have not been included in the present
analysis. With regard to Lerwick, the small amount of geological information available
from the Shetlands and geodynamic models (Hoppe, 1965; Peltier et al., 2002) suggest
long term submergence, whereas the tide gauge record (Table 1) suggests significant
uplift (especially if one considers a present-day sea level rise of approximately 1.4
mm/year, see below). Consequently, it is unlikely that the Lerwick record would conform
to the encouraging picture of Figure 4 (b), even if copious local geological data were
available. Stornoway’s record will be of great interest when longer: its present trend
(Table 1) appears high although it has a large standard error. Belfast offers the greatest
potential for further study, with tide gauge charts extending back to the 19" century

having been recently rediscovered in an archive.

These reservations aside, the consistency evident between tide gauge and geological data
sets supports the overall picture of spatial variation in vertical land movements in the UK
(Shennan, 1989; Shennan and Horton, 2004). The distributions of Figures 4 (a,b) also
indicate that tide gauge MSL trends are in general larger than those inferred from

geological data by 1.34 +/- 0.21 and 1.42 +/- 0.17 mm/year respectively (using weighted

12



averages based on the individual tide gauge trend errors, taken as dominating over
geological errors, and with standard errors estimated conservatively from both weighted
and unweighted distributions). The latter value, which we consider the most reliable
being based on the *master station” method, is approximately 0.3 mm/year lower than the
accepted value for global sea level change during the 20™ century referred to above

(Church et al., 2001; Bindoff et al., 2007).

Although the shorter records have proved to be useful, there naturally continues to be
most interest in the longer ones. Figure 5 (a) presents a scatter plot between the tide
gauge trends for the 20" century for the 5 long record stations alone (from Table 1) and
their corresponding geological values. One obtains similar conclusions as from Figure 4.
The offset is 1.37 +/- 0.24 mm/year, similar to that based on all stations. The most
outlying of the five appears to be Newlyn, either because its tide gauge MSL trend is too
low or its geological rate suggests too much submergence. This anomaly in the Shennan
and Horton (2002) data set has been remarked upon by Gehrels (2006). Figure 5 (b)
includes the same MSL data but this time compared to rates of vertical land movement
based on an updated combination of continuous GPS (CGPS) and AG data using the
methods of Teferle et al. (2006) and Bingley et al. (2007). In this case, the offset is 1.06
+/- 0.16 mm/year (standard error again based on tide gauge errors. This can be increased
by 30% if the large CGPS/AG errors are also considered.). Although uncertainties in the
combined CGPS/AG land rates are large, the two data sets appear to line up better,
especially with regard to Newlyn where the value is closer to that of Gehrels (2006)

rather than Shennan and Horton (2002). This is encouraging but it is clear that the
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strength of the evidence for better line-up comes from one station (Aberdeen).
Consequently, this has to be regarded as a preliminary finding with regard to the use of

CGPS/AG data.

One can adopt 1.4 +/- 0.2 mm/year from the offsets of Figures 4(b) and
5(@) as the best estimate of the rate of climate-related MSL change
during the 20th century (in excess of any late-Holocene long term rate).
This estimate changes within a range to be expected from a 0.2 mm/year
standard error, if different, but still geographically representative of
the UK, selections of tide gauge and geological sites are made (cf.
Figure 4), or if different CGPS/AG processing strategies are employed. This value can be
added back to the index to provide an average-UK curve since 1901 (Figure 3(b)). One
factor that could be responsible for the lower UK MSL trend than the global-average
IPCC values concerns melting of the Greenland ice sheet during the 20th century. The
IPCC Third Assessment (Church et al., 2001) considered that Greenland was melting at
an average rate of between 0.0 and 0.1 mm/year between 1910-1990 (taking into
consideration 20th century effects only). However, this rate has undoubtedly increased in
recent years. The IPCC Fourth Assessment (Lemke et al., 2007) suggested that the
Greenland ice sheet had lost mass at rates equivalent to 0.05 £ 0.12 mm/year of sea level
rise during 1961-2003 and 0.21 + 0.07 mm/year in 1993-2003. In addition, there are
suggestions of an acceleration in the rate (Chen et al., 2006; Rignot and Kanagaratnam,
2006). The elastic response of the solid Earth will have resulted in a redistribution of sea

level, and thereby a potentially slightly smaller Greenland contribution to UK sea level
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than the global-average, depending upon which parts of the ice sheet have lost mass (cf.
Figure 1(b) of Mitrovica et al., 2001, see also Plag, 2006, Marcos and Tsimplis, 2007 and
Mitrovica et al., 2008). The differences between the UK MSL and geological trends

included in Figure 4(b) have no evident spatial (e.g. latitude) dependence (not shown).

4. Decadal Variability in the Index

The success of the use of the index leads to a reconsideration of the reasons for its
temporal variability, and thereby for some of the variability in individual UK records.
This is an important topic as low-frequency variability affects both the value of a secular

trend and its standard error.

Figure 6 presents a low-pass filtered version of the index, after application of a boxcar
filter of full width 5 years. The oscillations are approximately coincident with the
(negative of) those in local air pressure, for which we have selected data from the 55N OE
grid point of HadSLP2 as representative of the UK (HadSLP2 has a 5 degree grid; the
choice of adjacent grid points makes little difference to this discussion). The correlation
coefficients between the two series are 0.43 and 0.51 for the unsmoothed (i.e. annual
mean) and smoothed records respectively. For the period after 1930, the correlations
increase slightly to 0.47 and 0.61 respectively. Linear regression yields regression
coefficients of 9.9 +/- 2.1 and 15.3 +/- 2.6 mm/mbar respectively, suggesting larger
departures from the ‘inverse barometer’ (IB) at lower frequencies, as observed at many

locations in the UK, Europe and elsewhere (e.g. Pugh and Thompson, 1986; Mathers and

15



Woodworth, 2001). The departures will arise from forcings (e.g. winds, steric changes
and runoff) coherent to some extent with air pressure changes. However, Figure 6
demonstrates that there is variability in the index which is not coincident with that in air
pressure (resulting in correlation coefficients less than 1), and yet takes place within a
short time of the pressure changes and/or with a variable amplitude. Following Miller and
Douglas (2007), one can compute a ratio of the rms values of the index and air pressure
smoothed time series, as an indicator of the non-1B, and yet pressure-related, variability
in the index. (The pressure-relations would include barotropic wind forcing, and the
ocean adjustment to the air pressure and wind forcings over several years.) This yields a

ratio of 30.2 mm/mbar, or approximately 3 times the magnitude of the IB response.

A similar conclusion was obtained for 1955 onwards by comparing the index to MSL
from the numerical tide+surge model averaged over the 5 station locations: correlation
coefficients of 0.50 and 0.45 respectively were obtained, and a ratio of 3.6 for sea level
variability in the smoothed time series of the index compared to that in the model. This
follows from the fact that the model average sea level will be something like the regional
IB response, the modelled sea level changes due to winds over the shelf being more
spatially variable (cf. discussion of correlations between modelled MSL values at
different ports in section 3.6 of Woodworth et al., 1999). A similar finding was also
obtained with the use of a 1° global barotropic model forced by six-hourly European
Centre for Medium-Range Weather Forecasts (ECMWF) air pressures and winds for the
shorter period 1985-2004 (Hughes and Stepanov, 2004; Stepanov and Hughes 2004). In

this case, UK-average model sea level was defined by the average of the Newlyn and
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Aberdeen information, Liverpool and Sheerness not being well represented in the model
grid and North Shields excluded so as not to over-weight the average with North Sea
values. Correlation coefficients of 0.41 and 0.61 respectively were obtained, and a ratio
of 2.4 for variability in the smoothed time series of the index compared to that of the

model.

Similar findings for MSL variability were obtained for Brest, France by Miller and
Douglas (2007). They obtained a ratio between the low-pass filtered variability of sea
level and local air pressure of 36 mm/mbar but an explanation for the non-1B response in
terms of possible forcings was not immediately apparent. (The UK index is too short to
allow a comparison of British sea level with distant (i.e. Azores) air pressures on
timescales of more than a century, as Miller and Douglas (2007) performed for Brest and
Cascais, Portugal. At decadal timescales at least there is no such relationship.) Therefore,
the non-1B character of much of the variability observed in the index extends beyond the

UK.

A large number of authors have tried to understand the various oceanographic and
meteorological forcings responsible for low-frequency UK and European Atlantic coast
MSL variability (e.g. Rossiter, 1962; Thompson, 1986). These include steric (density)
changes, ocean circulation variability, winds and air pressures (Pugh, 2004). A number
have attempted to relate the variability of European MSL to the large scale air pressure
field represented by the North Atlantic Oscillation (NAO) (e.g. Wakelin et al., 2003;

Woolf et al., 2003; Tsimplis et al., 2005; Tsimplis et al., 2006; Miller and Douglas, 2007,
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Kolker and Hameed, 2007). However, to our knowledge, such studies have not provided
evidence for coherent UK or European-coastline variability such as we require. A
complicating factor is that the time series of many meteorological forcing terms are
highly correlated. For example, river runoff is known to be responsible for MSL
variability in many parts of the world on seasonal and longer timescales (e.g. Meade and
Emery, 1971; Tsimplis and Woodworth, 1994; Wang et al., 1997; Huenicke and Zorita,
2006), and is a contributor to density change on the NW European continental shelf (Reid
et al., 1988). Therefore, one might expect runoff (or its proxy in rainfall) to be a potential
forcing of UK MSL also, although it might be less plausible for relatively open-ocean
sites such as Newlyn than it would be for sites in river estuaries such as Sheerness.
Rainfall and air pressure changes in the UK are highly correlated on interannual
timescales (Woodworth, 1985). Consequently, it is not surprising that a UK rain time
series computed from spatially-averaged normalized variability for 1914-2005 obtained
from the UK Met Office (www.metoffice.gov.uk/research/hadleycentre/obsdata/ukcip/,
see Perry and Hollis, 2005 for details of rainfall data set construction) yields positive
correlation coefficients with the sea level index (0.41 and 0.54 for unsmoothed and
smoothed records respectively). However, a positive correlation does not confirm runoff
(or any other shelf parameter) as a significant forcing factor for MSL. The best approach
with regard to the role of runoff will be through advanced numerical modelling of shelf

processes which are just beginning (e.g. Young and Holt, 2007).

Nevertheless, one probably has to search for processes with larger spatial scales than the

shelf, given that the decadal variability in the UK index has similarities to that in many
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other records along the European Atlantic coastline (Thompson, 1980; Woodworth,
1987). Figure 7 shows some of the longer European records, together with the UK index,
each detrended over the period 1921-1990 and low-pass filtered as above. The coherent
variability between most of them is evident, correlation coefficients between the UK
index and other stations being (north to south): 0.56, 0.33, 0.61, 0.29 (or 0.69 for data
from 1915), 0.05 and 0.53. (A coefficient of 0.28 would be considered significant at 95%
confidence level given 50 years of data assuming no serial corelation.) Even the one with
no apparent correlation (La Corufia) does have similarities to the UK index for parts of its
records (cf. Thompson, 1980; the La Corufia record is discussed in detail by Marcos et

al., 2005).

Thompson (1986) described a simple model of change in zonal (trans-Atlantic) sea level
gradient, such that sea level on the European coast would be proportional to the integral
of [distance times Ekman pumping], with distance measured eastwards from the western
boundary. The distance term gives greater weight to Ekman pumping on the eastern
boundary, which again implies an approximate relationship to (the negative of) local air
pressure, and gives another example of correlated variables. Thompson (1986) explained
that this process contributes to a greater extent at lower frequencies and is capable of
simulating part of the drop in Newlyn MSL during the 1970s (Figure 10 of Thompson,

1986).

Such physics is nowadays included in ocean and climate models. For example, Hill et al.

(2007) employed the Massachusetts Institute of Technology (MIT) 1° resolution general
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circulation model (Marshall et al., 1997), which includes daily oceanic heat and
freshwater fluxes as well as meteorological forcings, to study MSL variability at tide
gauge sites worldwide over the period 1958-1997. The model time series for Newlyn is
shown in Figure 8, demonstrating the drop in the 1970s and, owing partly to the IB
response, a drop in the early 1990s. Correlation coefficients with the index are 0.64 and
0.63 for unsmoothed and smoothed records respectively, with a ratio of 1.1 for variability
in the smoothed time series of the index compared to that of the model. Although it is not
possible at present to extend the modelling through the whole period of the index, it
confirms that ocean circulation change is probably the main source of its low-frequency
variability, and that ocean modelling offers the best possibility for its further

understanding.

Whatever the reasons for variability in the index in Figure 3(a), it is intriguing that it
contains several features in common with sea level records from elsewhere in the world.
These include a reduction in the rate of sea level change, or deceleration, after 1960 (e.g.
Woodworth et al., 2008; Douglas, 2008). During the 1990s, many locations experienced
high rates of sea level change (Holgate and Woodworth, 2004), and this can be seen to

have been the case also around the UK coastline.

5. Conclusions

This report has summarized current knowledge of change in MSL around the UK

coastline. It has made use of a larger number of shorter sea level records than has been
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employed so far, in order to maximize the amount of available information, and has been
based on an improved method for determination of UK sea level trends. The changes
observed are consistent with findings of previous analyses, although they are more
precise. They suggest a pattern of UK coastal sea level change composed of spatially-
variable (primarily north-south) local vertical land movements, which can be inferred
from either geological (e.g. Shennan and Horton, 2004) or geodetic data (e.g. Teferle et
al., 2006) together with geodynamic modelling (Milne et al., 2006), superimposed upon
which are sea level variations due to changes in the ocean, with a large part of that
variability being spatially-coherent. This overall picture is inevitably an approximate one,
but it is gratifying that the consistency in interpretation of the different data sets (tide
gauge, geological, geodetic) appears to have risen as their temporal and spatial coverage
has increased. The comparison of tide gauge, geological and geodetic trends provides an
estimate of 1.4 +/-0.2 mm/year for the climate-related secular change in UK MSL since

1901 (in excess of any late-Holocene long term rate).

Some progress has also been made in understanding the reasons for variability of UK
MSL on interannual and decadal timescales. An inability to account adequately for
decadal variability results in greater uncertainty in the calculation of long term sea level
trends. It is also a topic of interest in its own right. It has been demonstrated that much of
it is related to air pressure change. However, it is not a simple relationship such as that
implied by the local 1B model or even by the shelf response to air pressures and winds.
One finds a UK-average response to air pressure approximately three times that of the 1B

model. The large scale air pressure and wind fields (e.g. as represented by the NAO)
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undoubtedly play a role in producing this response, as must the ocean circulation
adjustment to those forcings. The modelling of four decades of ocean circulation change
by Hill et al. (2007) has indicated the most encouraging direction for such work. It would
be highly desirable for the ocean modelling to be taken further back to the start of the 20™
century should the required data sets of model forcing become available. In addition,
more local contributors to MSL variability such as runoff cannot as yet be excluded, and

require study from runs of advanced shelf models (e.g. Young and Holt, 2007).

The validity of the simple model of a regionally-coherent sea level signal of ocean origin
superimposed on a spatial pattern of local vertical land movement is important, in that it
provides the most straightforward means for developing scenarios of future sea level
change around the UK and their possible impacts (cf. Hulme et al., 2002; Tsimplis et al.,
2005). Projections for 21% century UK sea level change have in most studies been
assumed to be similar to the global projections, and will necessarily remain so until fuller
understanding of regional deviations from global-averages is obtained from improved
atmosphere-ocean general circulation models. Therefore, given that global projections in
the two recent IPCC Assessments are similar, if Fourth Assessment values are increased
to allow for the dynamic response of the Greenland and Antarctic ice sheets to warming
(Church et al., 2008), then conclusions on future change in sea level around the UK, such
as those for the 2080s by the UK Climate Impacts Programme (Hulme et al., 2002:
typically several 10s of cm in low emission scenarios, typically 75 cm in a high emission

scenario) would be essentially unchanged.
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Figure Captions

1. Map indicating the tide gauge stations in Table 1. (R: Rosyth, T: Tilbury, S: Southend
and Sheerness on the north and south sides of the Thames estuary, respectively, HH:
Holyhead, L: Liverpool, H: Heysham, D: Douglas, PP: Portpatrick, M: Millport, B:

Belfast.)

2 (a) Long UK records of annual MSL. The Aberdeen and Liverpool time series are
composites as described by Woodworth et al. (1999). The North Shields, Sheerness and
Newlyn records are from the PSMSL RLR data set. Each record has been offset for
presentation purposes. (b) MSL values for the records of (a) relative to MSL at Newlyn,

Cornwall.

3. (a) A UK sea level index for the period 1901 onwards computed from MSL data from
five stations (Aberdeen, North Shields, Sheerness, Newlyn and Liverpool). Each record
has been detrended over the period 1921-1990 and the detrended values averaged.
Standard deviations of detrended values about the average are shown by the error bars.
(b) As for (a) but with a best estimate of 1.4 mm/year added back to the index to provide

an average UK time series for climate-related MSL change.

4. (a) Measured trends in MSL for 1901 onwards for the stations in Table 1 compared

with the (negative of) emergence/submergence rate obtained from nearby geological

information (Shennan and Horton, 2002). (b) Trends in MSL derived by the ‘master
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station’ method (Table 2) compared to the same geological information. The solid,
dashed and dotted lines indicate offsets between data sets of zero and +1 mm/year.
Uncertainties shown by the vertical error bars in (a) and (b) are the standard errors of
computed trends in MSL given in Tables 1 and 2 respectively. Uncertainties shown by
the horizontal error bars are the 0.2 mm/year nominal errors for geological ‘best

estimates’ described in the text.

5. (a) Measured trends in MSL for 1901 onwards for the 5 longest records compared to
geological information. (b) Measured trends in MSL compared to the corresponding
information from GPS and AG. (N: Newlyn, S: Sheerness, L: Liverpool, NS: North
Shields, A: Aberdeen.) The solid, dashed and dotted lines indicate offsets between data
sets of zero and £1 mm/year. Uncertainties shown by the vertical error bars in both (a)
and (b) are the standard errors of computed trends in MSL given in Table 1. Uncertainties
shown by the horizontal error bars in (a) are the 0.2 mm/year nominal errors for
geological ‘best estimates’ described in the text. Those in (b) are the standard errors from

CGPS and AG measurements in combination.

6. A low-pass filtered version of the sea level index compared with (the negative of)
representative UK air pressure. The air pressure time series has been scaled to have the

same root-mean-square variability as the index.
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7. Selected MSL records from the European coastline (Stavanger, Norway; Esbjerg,
Denmark; Ostende, Belgium; Brest, France; La Corufia, Spain; Cascais, Portugal)
together with the UK index. Each record has been detrended over the period 1921-1990,

low-pass filtered with a 5 year boxcar filter, and offset for presentation purposes.

8. MSL changes at Newlyn from the ocean model study of Hill et al. (2007). The solid
line shows the overall contribution from both ocean circulation and 1B, while the dashed
line shows the ocean circulation contribution only. The ordinate contains an arbitrary

model offset.
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Table 1

MSL trends for sites with more than 15 complete years of Revised Local Reference (RLR) information in the Permanent Service for
Mean Sea Level (PSMSL) data set for the years 1901 onwards. (Only data from complete years, i.e. which contain data from all 12
months of the year, have been used in the computations). Columns show: station name as stored in the PSMSL data set; PSMSL
country/station code; number of complete years of RLR data and first-last year in the data span; measured trend and standard error on
the trend (mm/year); standard deviation of the annual mean values about the fitted trend (mm).

(*) Holyhead data up to 1959 have been adjusted as described by Woodworth et al. (1999).

Station Code No.Years and Range Trend and St. Err. St. Dev.
Lerwick 170/001 38 1957 - 2005 -0.68 +/- 0.34 28.5
Wick 170/005 34 1965 - 2006 1.55 +/- 0.43 30.8
Aberdeen Composite 170/011 and /012 96 1901 - 2006 0.87 +/- 0.10 28.6
Rosyth 170/027 27 1964 - 1993 1.99 +/- 0.92 41.1
Dunbar 170/041 37 1914 - 1950 0.47 +/- 0.31 20.5
North Shields 170/053 84 1901 - 2006 1.92 +/- 0.12 32.6
Immingham 170/061 43 1960 - 2006 0.54 +/- 0.39 34.4
Lowestoft 170/068 44 1956 - 2006 2.57 +/- 0.33 31.7
Southend 1707081 44 1933 - 1983 1.22 +/- 0.24 24.1
Tilbury 170/083 22 1961 - 1983 1.58 +/- 0.91 28.5
Sheerness 170/101 58 1901 - 2006 2.23 +/- 0.13 34.0
Dover 170/111 37 1961 - 2006 2.18 +/- 0.26 22.1
Portsmouth 170/131 34 1962 - 2005 1.58 +/- 0.44 32.5
Devonport 170/157 35 1962 - 2004 2.55 +/- 0.75 53.4
Newlyn 170/161 89 1916 - 2006 1.70 +/- 0.10 25.0
Holyhead 170/191 48 1938 - 2006 2.31 +/- 0.31 42.6 (*)
Liverpool Composite 170/211 and /214 69 1901 - 2004 1.60 +/- 0.17 40.8
Heysham 170/225 27 1962 - 2004 2.73 +/- 0.74 48.0
Douglas 170/231 31 1938 - 1977 0.26 +/- 0.70 39.6
Portpatrick 170/236 31 1968 - 2004 1.95 +/- 0.44 25.9
Millport 1707241 20 1969 - 2006 1.20 +/- 0.53 28.0
Ullapool 170/249 17 1983 - 2006 2.12 +/- 1.15 35.2
Stornoway 170/251 18 1977 - 2006 2.22 +/- 0.90 33.9
Belfast 2 170/272 45 1918 — 1963 -0.25 +/- 0.34 30.5
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Table 2

Results from the use of the UK sea level index in the ‘master station’ method. Columns show: station name; method flag (see text);
number of years of data for 1901 onwards and first-last year in the data span; trend and standard error on the trend (mm/year);
standard deviation of residual annual mean values in the fit (mm); correlation coefficient between measured MSL values and sea level
index.

Station Flag No.Years and Range Trend and St. Err. St. Dev. Correlation with Index
Wick 1 37 1965 - 2006 0.76 +/- 0.28 21.0 0.635
Aberdeen 0 96 1901 - 2006 0.94 +/- 0.07 21.0 0.448
Rosyth 1 29 1964 - 1993 1.94 +/- 0.58 27.6 0.602
Dunbar 0 37 1914 - 1950 0.10 +/- 0.19 12.5 0.821
North Shields 0 95 1901 - 2006 2.01 +/- 0.07 20.4 0.328
Immingham 1 44 1960 - 2006 0.64 +/- 0.38 33.7 0.378
Lowestoft 1 47 1956 - 2006 2.47 +/- 0.23 22.7 0.503
Southend 0 47 1933 - 1983 1.26 +/- 0.24 24.3 0.328
Tilbury 1 22 1961 - 1983 2.41 +/- 0.62 19.5 0.504
Sheerness 0 59 1901 - 2006 2.36 +/- 0.09 23.6 0.122
Dover 1 39 1961 - 2006 2.35 +/- 0.21 18.2 0.480
Portsmouth 1 37 1962 - 2006 1.34 +/- 0.44 36.7 0.214
Devonport 1 38 1962 - 2004 2.14 +/- 0.65 49.2 0.379
Newlyn 0 91 1916 - 2006 1.68 +/- 0.07 17.6 0.429
Holyhead 0 54 1938 - 2006 2.13 +/- 0.26  38.3 0.356
Liverpool 0 69 1901 - 2004 1.82 +/- 0.13 31.6 0.218
Heysham 1 29 1962 - 1997 1.35 +/- 0.39 22.9 0.616
Douglas 0 32 1938 - 1977 -0.21 +/- 0.59 34.2 0.487
Portpatrick 1 36 1968 - 2006 1.26 +/- 0.26 18.3 0.650
Millport 1 22 1969 - 2006 -0.20 +/- 0.32 17.3 0.711
Ul lapool 1 19 1983 - 2006 0.90 +/- 0.93 29.4 0.454
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Table 3

Quadratic coefficients describing long-term accelerations in the 3 longest records which commence in the mid-19" century. Columns
show: station name; number of years of data and first-last year in the data span; quadratic coefficient and its standard error
(mml/year?).

Station No.Years and Range  Quadratic Coeff. and St. Err.

Aberdeen 135 1862-2006  0.0062 +/- 0.0016

Sheerness 78 1834-2006 ~ 0.0091 +/- 0.0015
Liverpool 99 1858-2004  0.0096 +/- 0.0029
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Table 4

Best estimates of the rate of vertical land movement (i.e. negative of estimated rate of present-day sea level change) obtained by
extrapolation of geological sea level information by Shennan and Horton (2002). (See text for explanation of our assumption of the
standard errors of the best estimates.) Columns show: tide gauge name; the nearby geological site name as used by Shennan and
Horton (2002); vertical rate (mm/year).

Station Nearby Geological Site Vertical rate
Wick Wick 0.42
Aberdeen Aberdeen 0.69
Rosyth Av. Forth/SE Scotland 1.39
Dunbar SE Scotland 1.15
North Shields Av. NE Eng (South) and Tees 0.00
Whitby Av. Tees/Humber Outer -0.48
Immingham Humber Outer -0.78
Lowestoft East Anglia -0.61
Felixstowe Av. EA and Essex -0.73
Southend Essex -0.85
Tilbury Thames -0.74
Sheerness Essex -0.85
Dover Kent -0.67
Portsmouth Hampshire -0.58
Devonport SW England (Devon) -1.23
Newlyn Cornwall -1.12
Holyhead N Wales -0.29
Liverpool Mersey -0.21
Heysham Morecambe Bay 0.69
Douglas Isle of Man 0.45
Portpatrick Estimated from S+H Fig 6 0.75
Millport Clyde 1.53
Ul'lapool NW Scotland (Coigach) 0.56
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