DETERMINING THE MARITIME BASELINE: DEVELOPMENT OF A UNIVERSAL METHODOLOGY

Robin Seet 1,2, David Forrest 2, Jim Hansom 2

1  Department of Survey and Mapping Malaysia (JUPEM), Jalan Semarak,
50578 Kuala Lumpur, Malaysia

2  School of Geographical and Earth Science, University of Glasgow, Glasgow, G12 8QQ, UK


Email: r.seet.1@research.gla.ac.uk


ABSTRACT
A fundamental component of a marine cadastre is establishing a baseline since this defines the landward extent of marine parcels. Typically the maritime baseline relies on some form of Low Water Mark (LWM). The primary aim of this research is to develop a methodology to efficiently determine the baseline using a Digital Terrain Model (DTM), near-shore bathymetry and tidal data in order to derive the location of the baseline at a particular time. Fieldwork was carried out in Millport, Scotland, using DGPS and echo sounding to generate a DTM, which was compared to a DTM from NEXTMAP. The results suggest this method produces more robust results than those derived from existing datasets. Low-water lines were generated and compared to their location shown on the current maps of the UK Ordnance Survey and on Admiralty Charts. Results show MLWS has largely remained unchanged since being surveyed in 1962, but LAT has shifted landward on both sides of the bay, hinting that changes to the mobile nearshore seafloor have occurred since the last survey of LAT (1940). Further fieldwork will be carried out for coastlines with different conditions to further assess the feasibility of this method in different coastal contexts, particularly in Malaysia.

1 Introduction
Malaysia has an estimated coastline of 4,800 kilometres (Li et al,  1998) and a marine jurisdiction of approximately 574,000 kilometres2 (CheeHai & Fauzi, 2006). Malaysia’s economy is highly dependent on its marine resources, especially its proven reserves of 4 billion barrels of oil and 2.35 trillion metres3 of natural gas (CIA, 2011). Additionally, the Strait of Malacca is of cultural, economic, educational and historical importance and a crucial shipping lane (Ho, 2009), Therefore, it is important for Malaysia to have a robust marine cadastre to properly manage its marine environments. To implement a marine cadastre, a baseline needs to be established. The method applies in this research requires nearshore Digital Terrain Modal (DTM), bathymetric DTM and tidal information to be obtained in order to derive a LWM baseline.  It is noted that while similar research has been done in the past (Collier & Quadros et al, 2006, 2008, 2008a, 2008b), the method proposed in this paper involves a different technique and algorithm in determining the maritime baseline (LWM) location. This research was conducted on those Scottish coastlines that are comparable with parts of the Malaysian coastline, making the tested methodology easily transferable. 

2 Methods
2.1 Site Selection
In order to investigate the efficiency of the relevant DTM acquisition technique in different coastal contexts and how it affects the accuracy of the generated low-water line, it is necessary to select at least two field sites. These were selected from sites in Scotland where a range of data already exists. Ideally, one site should be characterised by a clear water column and a steep or rocky coast, the other a more sediment laden water column on a low angled, sandy or muddy coast. Kames Bay, Millport, Scotland was identified as the first study area (Figure 1). It has both a steep rocky section at its sides and a low angled sandy section. It is also the site of a fully instrumented tide gauge allowing cross-calibration of tidal characteristics to the DTMs. The Scottish study areas have some limitations in that few wetlands that resemble some parts of the Malaysian coastline, yet the rocky and sandy study sites have Malaysian counterparts and so the method should be easily transferable. 










Figure 1: Study area 1- Kames Bay, Millport, Scotland (Images from Google Earth)




2.2 Data 
Three datasets were acquired: 
i. Tide data predicting the heights of Lowest Astronomical Tide (LAT), Mean Low Water Spring (MLWS) and Highest Astronomical Tide (HAT) at the field site. Tidal data was obtained from the National Oceanography Centre (N.O.C., 2012)/ UK Hydrography Office (UKHO, 2012).
ii. A terrestrial DTM was derived from a DGPS survey of the field site, a simple yet highly accurate method for small area terrain mapping. DTM from other sources, where available and of high enough quality will allow direct comparisons of error and accuracy of the surveyed DTM to be made. 
iii. A bathymetric DTM was derived from echo sounding. 

2.3 Data Acquisition
The DGPS and echo sounding fieldwork was carried out to acquire the terrestrial DTM and bathymetric DTM of Kames Bay on 7 and 8 June 2012, across a spring tide at Millport. The land elevation data was collected using Leica GPS1200 (accuracy 20 mm + 1 ppm, kinematic) (Leica Geosystems, 2006) and Leica Smartnet with GS08 Antenna. The bathymetric data was collected using a 5.5m RIB vessel with a 0.4m draught carrying a SONARLITE echosounder (accuracy 0.025m RMS) (Euronet, n.d.) linked to a Leica Smartnet rover. The Smartnet base station was set up on shore within 2 kilometres of the furthest bathymetric data point. The bathymetric survey was carried out within 2 hours of high water on the 7th June 2012 and extended well seaward beyond any plotted position of LAT. The acquisition of the land DTM was carried out within 2 hours of low water on the 8th June 2012 in order to maximise the overlapping area. The ellipsoidal heights of DGPS and bathymetric survey were subsequently converted relative to Newlyn (UK Ordnance Survey datum, ODN). The data produced a large overlapping area (MHWS-MLWS) of approximately 150m from the two sets of DTM (Figure 2). 
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Figure 2: DGPS and bathymetric surveys carried out at Kames Bay where the dark blue represents the bathymetric survey vessel’s course and the red points are the terrestrial DGPS points.

2.4 Data Analyses
Spatial and statistical analyses were carried out to validate the DTMs generated from the fieldwork by extracting the cell values of the land topography and bathymetry data at each DGPS point to compare with the 5m resolution NEXTMap DTM (10km x 10km) from Intermap Technologies (INTERMAP, 2004).






Table 1: Datum of various DTM and their quoted accuracies, data value range, and % of No Data value compared to DGPS DTM.
	DTM
	Vertical DATUM
	Quoted Vertical Accuracies
	Elevation Range
(H: High, L: Low)
	No Data Value
	% of No Data Value in Kames Bay

	DGPS
	ODN (OSGM91)
	20 mm + 1 ppm, kinematic (Leica Geosystems, 2006)
	H: 5.45, 
L: -1.98
	N/A
	N/A

	NEXTMap
	ODN (OSGM91)
	~1m (Hall & Tragheim, 2010, INTERMAP, 2004)
	H: 149.4,
L: -10
	0
	63%

	Bathymetric
	ODN (OSGM91)
	0.025m (Euronet, n.d.)
	H: 1.13,
 L: -8.31
	N/A
	64%



There are a lot of ‘no data’ values from the NEXTMap DTM compared with the fieldwork generated DTM, suggesting that  NEXTMap DTM has few data in the lowest elevation regions. All the ‘no data’ values in the corresponding DTM have been discarded prior to the analyses to give a more accurate comparison. The following analyses were made with the assumption that the DGPS DTM produced here is of a higher level of accuracy (standard deviation of each DGPS height point collected averaged ~ 8mm) than other DTMs and will be used as a reference dataset against which comparisons will be made. 

3 Results
3.1.1 Test of Linearity
DGPS vs NEXTMap
A total of 1764 corresponding points in both DTMs were compared (Figure 3). A scatter plot showing the linearity between the elevation values acquired by DGPS and NEXTMAP DTM showed a good correlation between both sets (R2 = 0.3204/ R= 0.5660) and the regression line shows a bias of 0.2318m. This high correlation indicates that two higher quality DTMS are being compared (Figure 4). 

Figure 3: Extracted cell values of NEXTMap with ‘no data’ values excluded.

Figure 4: Linearity of DTM elevation values between DGPS and NEXTMap (1764 points)

DGPS vs Bathymetry
A total of 1704 corresponding points in both DTMs were compared (Figure 5). The scatter plot (Figure 6) showed a strong correlation between both sets (R2 = 0.7625/ R=0.8732) and the regression line shows a bias of -0.2221m. Height differences fall within the range of -2.5m to 1m. The high correlation between the DGPS values and echo sounding elevations in the area of overlap provides high confidence in the echo sounding results further offshore where the measurements using other data sources could not be validated.


Figure 5: Extracted cell values of bathymetry with ‘no data’ values excluded.

Figure 6: Linearity of DTM elevation values between DGPS and bathymetry in the overlapping area (1704 points) 
(Note: the apparent ‘outliers’ away from the regression line of the graph are related to the rocky areas)

The point by point differences between the extracted cell values of NEXTMap and bathymetric DTM points and the corresponding DGPS points was calculated in Table 2. 

Table 2: Statistics of comparisons showing the differences between DGPS DTM and various DTM (DGPS points subtracting other DTM points)
	Statistics of comparisons between DGPS DTM and various DTM
	
	

	DTM
	∆ Min
	∆ Max
	Mean 
	RMSE
	Correlation*

	NEXTMap
	-2.6784
	3.7714
	0.8319
	1.2910
	0.5660

	Bathymetric
	-1.8032
	3.1258
	0.1461
	0.3918
	0.8732


*Note: the correlation is between the original data values rather than the ‘difference’.

The results show that the DGPS and bathymetric data have a strong relationship with a high correlation and low RMSE. Meanwhile despite the reasonably good correlation with NEXTMap DTM, its data does not extend beyond the LWM (Figure 7), implying that the time of data collection was not the most appropriate for this purpose, thus limiting its usability. 
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Figure 7: Profile graphs of various DTM from a northwest to southeast cross section of Kames Bay, highlighting their differences in elevation or lack of data across Kames Bay 



3.2 Error DTM
In order to detect the distribution of error (i.e. the difference between DGPS and bathymetric values), an error DTM was generated by subtracting the land DGPS DTM from the bathymetric DTM. The generated error DTM showed that majority of the heights of both DTMs agree well with each other with the mean vertical difference in the overlapping area about 0.1358 m. Figure 8 shows that the outliers lie mainly on the rocky shorelines of Kames Bay where loss of survey overlap occurred due to dangerous terrestrial surfaces or limited safe boat access to the rocky shoreline and changing boat headings at these locations. The high values on the sandy shore are concentrated mainly in the shallows, albeit with one gap where the boat was in danger of grounding. 
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Figure 8: Error distribution shown in the Error DTM 

Figure 9: Histogram of error DTM showing a normally distributed data 

3.3 Generation of Low-water Lines
Low-water lines were subsequently generated from all of the DTMs using the tidal height information obtained from National Oceanography Centre. The DGPS survey was able to cover the foreshore from HAT to a little beyond MLWS; meanwhile the bathymetric survey was able to cover the foreshore from MLWS to well seaward of LAT. 
Table 3 Heights of low-water lines in CD, OD and WGS84
	Millport’s low-water datum heights prediction (2008-2026):
	In Chart Datum (metres)

	In ODN (metres)


	HAT
	3.860
	2.240

	MLWS
	0.440
	-1.180

	LAT
	-0.040
	-1.660


(National Oceanography Centre, 2012a, Ordnance Survey, 2012) 

3.3.1 Highest Astronomical Tide (HAT)
HAT was generated from NEXTMap and DGPS DTM (Figure 10). As the DTMs are in different vertical datums, the predicted height of HAT in Chart Datum has been converted relative to ODN and EGM96. The high resolution NEXTMap DTM generated an accurate HAT line within Kames Bay. Meanwhile the DGPS DTM generated a line within the coastline at Kames Bay and plots beyond the Mean High Water Spring (MHWS) line indicated in the Ordnance Survey (OS) raster map, providing confidence in the DGPS DTM accuracy.
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Figure 10: HAT generated from both DTMs

3.3.2 	Mean Low Water Spring (MLWS)
The NEXTMap DTM has no elevation data at this location, hence MLWS was generated solely from the fieldwork data of DGPS and bathymetry. Both MLWS show good agreement against each other with the line matching well particularly in the steeper parts of the coastline, while slight variation was noted in the flatter beach area (Figure 11). Given the boat movements during the bathymetric survey, a more undulating MLWS was produced, while a straighter MLWS was produced from DGPS carried out on foot. The assumption here is that the MLWS generated by the DGPS is more reliable. In order to investigate whether an integrated DTM from both DGPS and bathymetry data yields a better result the raw survey data of DGPS and bathymetry was brought into ArcMap to create an integrated DTM using IDW2. A third MLWS was generated subsequently from this integrated DTM and comparison made with the previous two MLWS. It was found that the third MLWS from the integrated DTM has a higher similarity to the MLWS generated from the DGPS rather than the bathymetric MLWS (Figure 12). It is suggested that the MLWS can be derived from the DGPS DTM alone. 
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Figure 11: MLWS generated from DGPS (topcband) and bathymetry (bathy) shown in ArcScene.
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Figure 12: Comparison of generated MLWS with OS Map’s MLWS.  (a) MLWS from the bathymetric DTM.  (b) MLWS from the DGPS DTM.  (c) MLWS from the integrated DTM

The generated MLWS location was then compared to the MLWS location shown on Ordnance Survey (OS) raster map. An investigation into the changes of MLWS location over the years at Kames Bay showed that MLWS was previously shown as ‘low-water mark of ordinary spring tide (LWMOST)’ prior to 1890s – 1960s. The term MLWS has been adopted instead of LWMOST since 1962 and its location has shifted seaward ~35m from its previously defined location (Figure 13). When the generated MLWS was compared to the current MLWS shown on the OS map, it showed an almost identical line with slight shift landward ~12m at the southeast of Kames Bay (Figure 14).
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Figure 13: Historical position of LWMOST and MLWS at Kames Bay
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Figure 14: Comparison of the generated MLWS with the current MLWS shown on OS map


3.3.3 Lowest Astronomical Tide (LAT)
The LAT generated from the bathymetric DTM was then compared to the 1:12500 Leisure Chart 5610.1 (published in 2005) based on Admiralty Chart 1867 (published in 1975). The LAT line generated indicated that the seabed is now shallower (depth value 07 and 09) in the northwest and southeast of Kames Bay and has retreat landward by approximately ~72m and ~94m respectively (Figure 15). This hints that changes have occurred in the mobile nearshore. The UKHO confirmed that the LAT line represented on the admiralty chart was actually surveyed by HMS Gulnare in May 1940 and that information has not been superseded (Hannaford (pers comm, 2012). Admiralty charts adopted LAT as chart datum from 1968 (Burningham & French, 2008) yet the current LAT line shown in Chart 5610.1 has not been revised since the 1940 survey. This suggests that particular sections of Kames Bay have been eroding at an average rate of more than 1m per year over the last 72 years (1940-2012). This is not an unusual rate of movement within the lower intertidal on the Scottish coast, mostly driven by sea level change and dwindling sediment supply (Hansom, 2010). A typical large scale chart at 1:50 000 would usually have a plotting accuracy of 0.2mm or 10m (Forrest (pers comm, 2012), and so the magnitude of changes in LAT detected in Kames Bay should warrant a replotting of the charts in this area. Figure 16 shows comparison of all the generated low-water lines with Ordnance Survey raster dataset and the Admiralty chart. 
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Figure 15: Shift noticed in LAT location when compared to admiralty chart
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)Figure 16: Comparison of low-water lines generated with Ordnance Survey raster dataset and the Admiralty chart.









4 DISCUSSION & CONCLUSION
Several accurately-derived low-water lines of a foreshore have been generated here from terrestrial and bathymetric DTMs combined with the predicted tidal levels of the low-water lines in question.
Conventionally the surveys of low-water lines are time-bound, since they are usually carried out during the time the specific tide was predicted to occur, either by terrestrial methods like DGPS to physically survey the wet line trace left behind by tides, or airborne methods such as aerial photography that capture and then digitise the line’s location . The time constraint of these methods is the major disadvantage, apart from other shortcomings such as the need to resurvey the same site at different periods in order to determine different low-water lines. The method demonstrated here provides flexibility in terms of survey timing and is able to provide the location of multiple low-water lines. The ease of execution is especially attractive for determining low-water lines for small areas and thus provides a cost-effective, time saving, accurate alternative to conventional methods. The most important piece of information for this method to work is the availability of accurate tidal levels. The tidal prediction data derived from the nearby tide gauge at Millport is sufficient to generate accurate low-water lines for a homogenous coastline characterised by clear water. The information that can be derived from this method has great potential for other applications such as coastal management and monitoring of migration of tide lines associated with sea-level and historical locations of low-water lines can be used in cases of dispute or to project future locations for planning purposes. 

DGPS and echo sounding was used here to acquire terrain and bathymetric DTMs for a small coastal area as an effective and easy to execute technique. The local tide gauge data has also been shown to generate satisfactory low-water lines. However this method has not yet been assessed on a complex coastline without tidal stations in the vicinity, perhaps also characterised by a muddy water column. It is clear that while most DTMs are acquired primarily for land terrain purposes and so may include parts of the littoral zone, they do not have sufficient data at low coastal elevations to derive an accurate maritime baseline. The most promising technique for acquiring land DTMs is LiDAR and some types of LiDAR are also effective at gathering height data in shallow water contexts. The acquisition of foreshore terrain and bathymetry using LiDAR faces some challenges in the sense that acquisition is best carried out separately in order to achieve high accuracy. Besides, both LiDAR systems use different height datums, complicating the integration of DTMs. There also exists a limited penetration ability of bathymetric LiDAR systems in highly turbidity waters (Quadros et al., 2008). Recent advancements in technology have shown some promising LiDAR instruments with higher resolution and net measurement rates that are able to acquire seamless topography and bathymetry in a single overflight. This gathers useful data from shallow depths and less than perfect water transparency: conditions where traditional LiDAR has suffered (Pfennigbauer & Rieger, 2012). Nonetheless although these LiDAR instruments might be an ideal solution for providing seamless land-water interface for large areas, it might not be cost effective for solving the needs of the small areas typical of cadastre systems. 

From the fieldwork reported here the overlap of DTMs is only realistic in the region of approximately MHWS-MLWS and unlikely in the location of HAT and LAT. However the bathymetric DTM can be validated from the land DTM if they are highly correlated and this provides confidence in the location of the derived LAT. The results clearly demonstrate the effectiveness and efficiency of this method in generating low-water lines. This method also does not face the integration problem encounter by traditional land and bathymetric LiDAR systems. In the implementation of a marine cadastre, the method outlined above may provide easy and rapid determination of low-water lines for various small priority areas scattered around the coastline.

What remains unanswered is how well this method fares in different coastal contexts such as muddy foreshores with opaque water columns and so a second case study is planned in such an environment. This second phase information will be useful since the ultimate goal is to deliver recommendations to address the operational issues of shifting baselines and the implications for the marine cadastre in both the clear and muddy water areas of coastal Malaysia.
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