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Appendix 1: Spatial Variations in MSL around the UK

Several authors have discussed the spatial variation of MSL around the UK relative to ODN and, in particular, its variation with latitude (Thompson 1980; Penna et al. 2013). Figure SM1 shows in red the MSL above ODN using the recent data from the stations in Table 1(a) (with the average of all the MSL values subtracted from each one, and with some stations rejected for the reasons given in the text). As is well-known, MSL relative to ODN is lower in the south of England, with a rise as one travels beyond 53°N, and higher values in the north.
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Figure SM1

Figure SM1 is almost the same as Figure 3(d) of Penna et al. (2013) which was made using stations with at least 37 years of recent data between 1974-2011. Hinkley Point is shown by the red diamond, with a higher MSL because of the large MDT in the upper parts of the Bristol Channel discussed in the text.

Blue points show MSL above ODN for the historical data, after the various corrections have been applied, and converted from ODL to ODN datum. (Again, the overall average was subtracted from each value of MSL.) Points are plotted at the latitude of the recent station in each pair, hence, for example, three blue dots at the same latitude as Aberdeen, see Table 1(a). The blue diamond refers to Weston-super-Mare which is nearer to the Celtic Sea than Hinkley Point, which gives it a smaller MDT. The blue star refers to Dover which lies significantly below recent MSL at Dover shown by the red star.


Appendix 2: Versions of Plate III from Jolly & Wolff (1922)

 [image: ]
Figure SM2. Plate III from Jolly & Wolff (1922) showing differences in height measured with respect to Newlyn datum (ODN) in the SGL and with respect to Liverpool datum (ODL) in the FGL.
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Figure SM3. An insert, clearly originating from the Ordnance Survey, attached to the copy of Jolly & Wolff (1922) in Liverpool University Library. This map is presumably an update to Plate III (Figure SM2).

Appendix 3: Documented ODN-ODL Differences and those provided by the OS Software Tool

The documentation referred to below comes from PSMSL and BODC records and the Publications Scientifiques (Pub Sci) of the International Association for the Physical Sciences of the Oceans (available on the PSMSL web site, http://www.psmsl.org). The Ordnance Survey (OS) web site referred to, which provides users with differences between heights measured to the ODN and ODL datums, is https://www.ordnancesurvey.co.uk/gps/legacy-control-information/liverpool-to-newlyn. The OS difference values are in units of 0.1 ft.

Comparisons are made below between documented differences between ODN and ODL, and those from the web site at coastal locations, in order to form an impression of how reliable the web site is. Locations are given clockwise from Aberdeen and are not necessarily the historical stations in Table 1(a,b). In each case, the two differences are underlined.

Aberdeen

Thompson (1914) gives the datum of tide gauge measurements being the sill of Victoria Dock as 14.62 ft below ODL. PSMSL records show the "Datum to 1930" to be = 4.560 m (14.961 ft) below ODN giving ODN as 0.341 ft above ODL. OS web gives ODN as 0.4 ft above ODL.

Dunbar

PSMSL records show the Tidal Observatory datum as 3.707 m (12.162 ft) below ODN, while Pub Sci No. 5 (published 1936) shows the datum as 12.241 ft below ODL, so ODN as 0.079 ft below ODL. OS web gives ODN as 0.1 ft below ODL. 

Blyth

Letter in BODC records from Hydrographic Department dated 28/2/1951 implies ODN (ODN-2) as 0.21 ft below ODL. OS web gives ODN as 0.2 ft below ODL.

Tynemouth

Pub Sci No. 19 (published 1958) and No. 20 (published 1959) expressed Tynemouth tide gauge datum as 7.08 ft below ODL and shortly afterwards Pub Sci No. 24 (published 1963) expressed the datum as 6.84 ft below ODN (ODN-2) which implies ODN (ODN-2) as 0.24 ft below ODL. OS web gives ODN as 0.2 ft below ODL.

North Shields

A drawing in BODC records dated 15/3/1990 shows ODN-2 as 0.03 ft below ODN-3, and ODN-3 as 0.17 ft below ODL.  OS web gives ODN as 0.2 ft below ODL.

Felixstowe

The Felixstowe Observatory benchmark in the SGL can be found in http://www.bench-marks.org.uk as Flush Bracket 2093 (TM28273199) and height of 11.499 ft above ODN. (This historic mark is not to be confused with the present-day Tide Gauge Benchmark used for the Felixstowe record in the PSMSL.) From Jolly & Wolff (1922) this mark was known to be 25 ft above the Observatory Zero and 13.201 ft above ODL. This gives ODN-2 as 1.702 ft above ODL. OS web gives ODN as 1.7 ft above ODL.

Dover

Pub Sci No. 19 (published 1958) and No. 20 (published 1959) expressed Dover tide gauge datum as 8.42 ft below ODL and shortly afterwards Pub Sci No. 24 (published 1963) expressed the datum as 9.71 ft below ODN (ODN-2) which implies ODN (ODN-2) as 1.29 ft above ODL. OS web gives ODN as 1.4 ft above ODL.

There is a letter in BODC records from Dr. Brian McCartney to the Dover Harbour Board dated 22/3/1991 referring to a letter from them dated 28/4/1956 which stated the datum as having been 8.42 ft below ODL and 9.51 ft below ODN and querying that, and suggesting that the 9.71 ft is correct. 

Inspection of Dover tidal ledger information at the UK Hydrographic Office shows that the old datum of 8.42 ft below ODL was certainly correct, but that the many changes of Chart Datum during the 20th century may have led to confusion in reported levels (David Pugh, private communication).

Shoreham
Letter in BODC records from Shoreham Harbour Master dated 26/6/1964 gives ODN (ODN-2) as 0.54 ft above ODL. OS web gives ODN as 0.6 ft above ODL. 

Southampton

Pub Sci No. 5 (published 1936) refers to an OS benchmark at the SE corner of French St. that is 15.3 ft above ODL. This must be mark SU41901102 as shown in http://www.bench-marks.org.uk as having a height of 14.6780 ft in the SGL (ODN-2). That implies ODN (ODN-2) as 0.622 ft above ODL. OS web gives ODN as 0.7 ft above ODL.

Portland

A letter in BODC records from the Hydrographic Department in 1973 refers to heights of ODL and ODN (ODN-2) above Chart Datum as of 1947 indicating ODN as 0.98 ft above ODL. OS web gives ODN as 1.0 ft above ODL.



Newlyn

Pub Sci No. 5 (published 1936) and PSMSL records show the Observatory benchmark to be 15.99 ft above ODL and 15.587 ft above ODN, or ODN as 0.403 ft above ODL. OS web gives ODN as 0.4 ft above ODL.

Bristol and Avonmouth

Port of Bristol records show ODN as 0.5 ft above ODL at Bristol Docks and 0.28 ft above ODL at Avonmouth which are ~10 km apart. The source of this difference is not known. OS web gives ODN as 0.6 ft above ODL for both.

Milford Haven (Newton Noyes)

BODC records show ODN-3 (as of 1962) 0.13 ft above ODN-2 (as of 1953).

Holyhead

Letter to Dr. Jack Rossiter (PSMSL) from Hydrographic Department dated 5/9/1960 gives ODN (ODN-2) as 0.75 ft below ODL derived from “an earlier publication of the Admiralty Tide Tables”.  OS web gives ODN as 0.7 ft below ODL.

Liverpool

Jolly & Wolff (1922) shows ODN (ODN-2) as 0.13 ft below ODL. OS web gives ODN as 0.1 ft below ODL.




Appendix 4: Additional Sea Level Measurements referred to in James (1861a,b)
Additional Measurements in England and Wales (James 1861a)
Fleetwood: Mean Tide Level (MTL) (i.e. the average of Mean High and Mean Low Waters) was derived from 3 months of measurements in 1841 by the Ordnance Survey (OS), and nearly 9 months in 1842 by the Admiralty. MTL with respect to ODL from the two sets of measurements were 0.661 and 1.570 ft respectively, and Jolly & Wolff (1922) took a weighted average of 1.388 ft.
However, the two values of MTL differ by almost a foot and the difference is difficult to explain by the seasonal cycle of sea level. More likely is that the two sets were made to different datums. When the OS made further measurements at Fleetwood in 1896 (see Section 5.2), a MTL of 0.738 ft was obtained, consistent with its own measurements in 1841.
The present paper has taken the OS value of 0.661 ft and the 3 months in question are assumed to have been October-December. The correction for the seasonal cycle of Mean Sea Level (MSL) at Fleetwood was taken from that at Heysham, and the adjustment of measured MTL to MSL was made using tidal predictions from Heysham by methods described by Woodworth (2017).
Hull: An estimate of MTL was derived from measurements of high and low waters by the Dock Company over July-September 1851. The seasonal cycle of MSL at Hull was assumed to be similar to that at Immingham, and MTL to MSL adjustment was made using Immingham tidal predictions. 
Lyme Cobb: MTL was estimated from measurements made ‘embracing parts of November and December 1849’. The seasonal cycle of MSL at Lyme Cobb was assumed to be similar to that at Weymouth. MTL to MSL adjustment was made using tidal predictions for Lyme Cobb from the International Hydrographic Organization (the MTL-MSL adjustment could not be assumed to be similar to that at Weymouth, which is almost 40 km to the east, given that the adjustment varies considerably along the south coast, see Woodworth 2017).
Pembroke, Plymouth and Portsmouth: Measurements were made by the Admiralty for four years (1835-1838) at each location. As the measurements were over a complete number of years, there is no correction needed for the sea level seasonal cycle. It is not clear from James (1861a) whether the quoted mean values were MTL or MSL. The former has been assumed for this paper. MTL-MSL adjustments were made using tidal predictions from Milford Haven, Devonport and Portsmouth respectively.
North Shields: Measurements of high and low waters were made by the Admiralty over 12 months in 1855. No seasonal cycle of MSL correction is needed. MTL-MSL adjustment was made using tidal predictions from North Shields.
Sunderland: Measurements of high and low waters were made by the Admiralty over 12 months in 1847. No seasonal cycle of MSL correction is needed. MTL-MSL adjustment was made using tidal predictions from North Shields.
Thames Ports and Ramsgate:
The Introduction to James (1861a) refers to measurements every 10 minutes between 6 am and 6 pm during 19 June – 19 July 1849 at Battersea, London Bridge and Deptford. It also gives the mean of ‘a few observations’ from the curves of the self-registering gauge at Ramsgate, date unspecified.
Liverpool:
The Introduction to James (1861a) also refers to a mean sea level value at Liverpool for 13 May – 14 June 1859. This data will now be part of the PSMSL MSL record for Liverpool (George’s Pier) which commences in 1858. In addition, the Introduction gives annual values of MTL for 1854-57 obtained from the same tide gauge, which pre-date the PSMSL record. The gauge zero was set to the level of the Old Dock Sill which is known with respect to ODL and ODN.

Additional Measurements in Scotland (James 1861b)
There are 5 additional sites in Scotland mentioned in James (1861b). For none of these does James state explicitly that the measurements were of high and low waters. However, that would have been normal for the time and has been assumed for this paper.
Ardrissaig: Measurements by the Harbour Master for the month of June in the three years 1849, 1850 and 1851, and the month of December for the two years 1850 and 1851. The seasonal cycle of MSL has been assumed to be similar to that at Port Ellen. MTL-MSL adjustment was made using tidal predictions from Millport. (Ardrissaig is closer to Port Ellen, so more appropriate as regards levelling connection and MSL seasonal cycle, but tides will be more like those at Millport).  
Campbelton (i.e. Campbeltown, on the Kintyre peninsula): Measurements by the Admiralty during parts of September-October 1857. The seasonal cycle of MSL has been assumed to be similar to that at Millport. MTL-MSL adjustment was made using tidal predictions from Millport.
Crinan: Nearly nine months of measurements by the Admiralty from May-September 1849 and June-October 1850. The seasonal cycle of MSL has been assumed to be similar to that at Port Ellen. MTL-MSL adjustment was made using tidal predictions from Port Ellen.
Thurso: Measurements by the Admiralty extending over February-March, and parts of June-October 1843. The seasonal cycle of MSL has been assumed to be similar to that at Wick. MTL-MSL adjustment was made using tidal predictions from Wick.
Wick: Measurements by the Admiralty extending over the 13 months of June 1849 to June 1850. No seasonal cycle of MSL correction made as 13 months is close to a year. MTL-MSL adjustment was made using tidal predictions from Wick.


Appendix 5: The Storms of October-November 1859
Figure 1(b) shows that measurements at Birkenhead (station number 3) and Rispond (31) were made in late October and early November 1859. This was one of the stormiest periods in the 19th century. On the night of 25/26th October, there was a severe and slow-moving storm in the Irish Sea in which well over 800 people died, including over 460 in the sinking off the coast of Angelsey of the Royal Charter (Holden & Holden 2009). That storm, and another which followed on 1 November, famously led to the routine production of synoptic weather charts by Admiral Robert FitzRoy, and ultimately to the science of weather forecasting (Kington 1997).
However, the bad weather continued and was experienced throughout the country (e.g. Thomas 2011). In a reference to the Royal Charter storm, Dobson (1860) remarked “Such were the premonitory symptoms of one of the most remarkable disturbances of the atmosphere in our time, which, beginning on the 19th October, did not subside until about the 12th November”. Out of 139 vessels lost around the British coast in 1859, 77 were lost between 21st October and 9th November. Dobson made an analysis of meteorological records during this period from Wakefield (Yorkshire), Stonyhurst College (Lancashire) and Bishop’s Rock Lighthouse (Scilly Isles). He decided they were similar and so included only the barometer and temperature records from Wakefield in his report (Figure SM4). The former correspond closely to that from the 20CR data set (Figure SM5). (On the other hand, the 6-hourly winds in 20CR for this period are much weaker than the real ones must have been, due to the 20CR data set being an average of a 56-member ensemble and the relatively coarse 2° reanalysis grid.)
[bookmark: _GoBack]The relevance to the present paper is that the OS observers were making measurements throughout this stormy period: between 27th October – 14th November at Birkenhead and between 25th October – 17th November at Rispond. One can imagine that there must have been storm surge contributions to the observed sea levels in this period beyond those described by the regressions of Section 3. In addition, there must have been many practical difficulties in making reliable tide pole measurements in such conditions.
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Figure SM4. The barometer (top, in inches Hg) and temperature record (°F) from Wakefield during October – November 1859 presented by Dobson (1860).
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Figure SM5. Six-hourly values of sea level air pressure (SLP) at Wakefield from the 20CR data set.
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