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Abstract

:

Despite the growing range and availability of resources to support coastal flood hazard model development, there is often a scarcity of data to support critical assessment of the performance of community-scale coastal inundation models. Even where long-term tide gauge measurements are available in close proximity to the study area, the records provide little insight into the spatial distribution and limits of overland flooding, or the influence of topographic features and structures on flooding pathways. We present methods to support the assessment of model performance using field observations in lieu of, or supplementary to, conventional water-level records. A high-resolution, numerical coastal flood hazard model was developed to simulate storm surge-driven flooding in the Acadian Peninsula region of New Brunswick, Canada. Owing to the remoteness of the study area from tide gauge stations, model performance was assessed based on a comparison with field measurements of deposited wrack and debris, as well as photographic and video evidence of coastal flooding, for two significant storm surge events in recent history. Our research findings illustrate the value of observational and qualitative data for characterizing coastal flood hazards, lending gravity to the importance of non-conventional data sources, particularly in data-scarce regions.
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1. Introduction


Approximately 6.5 million Canadians live in the vicinity of Canada’s marine coasts, making these regions intrinsically important to the national identity, culture, and economy [1]. Coastal flood hazards and risks in Canada are becoming increasingly exacerbated by climate-driven phenomena such as sea-level rise, and anthropogenic factors that contribute to increased development, population growth, and loss of natural features in the coastal zone [2,3,4,5]. The southern Gulf of Saint Lawrence and sections of New Brunswick’s coast are particularly sensitive to the impacts of sea-level rise and storm surges [3]. In response to this growing threat, numerous research initiatives have been conducted in New Brunswick and the surrounding area to investigate coastal flooding at both regional [3,6] and local scales [2,7,8,9,10].



Hazard assessment is a crucial component of disaster risk management. Flood hazard modelling (and derived mapping and communication products) permits the quantitative assessment of the consequences of flooding and ultimately supports evidence-based decision making and disaster risk management [5,11,12]. A number of analytical methods, with varying complexity, are applied in practice to model and assess coastal flood hazards. Bathtub modelling techniques, where high-water elevations are mapped onto a digital elevation model, are often employed to evaluate overland flood depths and extent [7,10,13,14,15]. Numerical hydrodynamic modelling techniques, although more computationally demanding, are an attractive alternative owing to their explicit consideration of hydrodynamics, resulting in generally superior accuracy [16], and their provision of additional information regarding spatial and temporal variation of flood hazards, providing insight to water velocities, flood propagation, and duration. Two-dimensional (and in some cases three-dimensional) hydrodynamic modelling techniques are often employed to simulate coastal water levels and flows in response to meteorological and tidal forcing [17,18,19,20]. Circulation models are sometimes coupled with other computational models to simulate other physical processes at various scales and resolutions such as wave runup, overtopping, and geomorphological processes [17,21]. To alleviate computational demand, nested modelling techniques and unstructured grids are commonly employed to permit detailed simulation nearshore, while maintaining sufficient domain size to capture synoptic scale atmospheric and meteorological forcing [17,19,22]. Previous studies have employed bathtub modelling approaches to characterize coastal flood hazards in the Acadian Peninsula region of New Brunswick [7,10]. However, to the authors’ knowledge, hydrodynamic modelling of storm surges, including overland inundation, at spatial resolutions conducive to damage and risk assessment have not yet been conducted for this region.



The Acadian Peninsula is located at the northeastern extremity of New Brunswick, Canada (Figure 1). The region is bordered to the north by Chaleur Bay and to the south by the Gulf of Saint Lawrence. The region is home to several communities experiencing coastal flooding and erosion, which have contributed to damage to infrastructure, including houses, roads, and wharfs [23]. A number of coastal flood assessment and mapping projects [7,10] and adaptation initiatives [9] have been undertaken for Acadian Peninsula communities. However, one of the biggest challenges hindering accurate flood hazard characterization and development of reliable flood modelling and assessment tools is the scarcity of proximate water level records. Currently, there are no long-term, active tide gauges located on the Acadian Peninsula. The region is approximately equidistant between the two closest long-term tide gauge stations located in Belledune (tide gauge 2145) and Lower Escuminac (tide gauge 2000), approximately 85 km and 75 km away, respectively [24]. Even where tide gauge measurements exist, they provide little insight into the spatial distribution and inland extent of coastal flooding [2]. To overcome these challenges, previous studies have relied on surveyed high-water marks, such as shoreline debris, to support validation of inundation models [10].



Where adequate observational data exist, deposited debris such as driftwood and sea wrack have been used to support analyses related to coastal flooding [8,26,27,28,29,30]. Didier et al. [8] used debris lines to evaluate coastal flood extent, as well as predictive accuracy of wave runup estimations, for the community of Maria, Québec; Maria is located approximately 100 km northwest of the Acadian Peninsula. Similarly, Bernatchez et al. [2] used observational data and photographic evidence in the community of Maria to investigate flood extent for a winter storm event. Often, researchers pursue the acquisition of observational data in a sufficient quantity to support the delineation of the full flood extent [2,8,27]. However, depending on the size of the study area, the effort and resources required to support this level of field data collection can be prohibitively large. In this paper, we describe the assessment of model skill for a numerical hydrodynamic model developed to evaluate storm surge-driven flood hazards for selected locations of the Acadian Peninsula region of New Brunswick, Canada. Model skill was assessed using surveyed high-water marks coinciding with the 6 December 2010 and 21 December 2010 events. High-water marks were comprised of shoreline debris observations as well as pegs placed by the field team marking direct observation of maximum flood extent. In addition, a qualitative assessment of model skill was conducted through a comparison with photographic and video evidence.




2. Storm Surge Modelling


Numerical hydrodynamic modelling was conducted at two scales using TELEMAC-2D, which solves the shallow water (Saint-Venant) equations governing free surface flows in two dimensions (i.e., depth averaged) on unstructured computational meshes [31]. A coarse-resolution, regional-scale model was developed to simulate the generation and evolution of storm surges on the Atlantic Canada continental shelf, including the Gulf of Saint Lawrence, in response to synoptic-scale wind and atmospheric pressure fields [32]. A fine-resolution, community-scale model was developed and driven by output from the regional model to simulate inundation at seven Acadian Peninsula communities. The seven communities of interest included Maisonnette, Bas-Caraquet, Caraquet, Pointe-Brûlée, Shippagan, Le-Goulet, and Lamèque (Figure 1). This paper is focused on assessment of the community-scale model skill; however, some information pertaining to the regional-scale model is provided for context. A detailed summary of the regional-scale model development is presented in Provan et al. [32].



The regional-scale model domain covered a large portion of the continental shelf from Portland, Maine (United States) to Sandwich Bay, Newfoundland and Labrador (Canada). The model uses an unstructured computational mesh with resolution ranging between 30 km near the offshore boundary and 200 m in the vicinity of the Acadian Peninsula. The model bathymetry was constructed using a combination of bathymetric datasets [33,34]. The regional-scale model was forced using wind and atmospheric pressure data from the ERA5 global atmospheric reanalysis dataset [35]. Tidal forcing was applied using the global TPXO database and its regional and local variants [36]. The regional-scale model was calibrated based on measured data available from the Belledune and Lower Escuminac tide gauges. Water level residuals were extracted from the gauge records by computing the difference between measured levels and the predicted astronomical tide [37], and were used as a basis for calibration, assuming storm surges represent the dominant contribution to the residual. Model wind drag formulation/coefficients and bed roughness were iteratively adjusted until satisfactory results were achieved. Ultimately, the regional-scale model was able to predict peak storm surges at the Lower Escuminac gauge to within 15% of measured water level residuals for 24 of the largest 44 storm surge events recorded at the gauge.



The community-scale model encompassed the Acadian Peninsula region of New Brunswick extending from the north coast of New Bandon Parish, eastward to Miscou Island, and southward to Tracadie-Sheila. The model domain extended approximately 20–30 km northward into Chaleur Bay and 30 km southward into the Gulf of Saint Lawrence. The model uses an unstructured (triangular) computational mesh with characteristic element edge lengths on the offshore boundary ranging between approximately 250 m and 2000 m. Characteristic edge lengths of 10 m were specified in the vicinity of the communities of interest to resolve floodplain features, flooding pathways, and hazards, at scales of relevance to support consequence assessments. Model elevations were generated from a combination of bathymetric and topographic datasets [33,38,39,40], including a hydro-enforced 1 m-resolution digital elevation model (DEM) from 2018 and a 1 m-resolution DEM from 2009 provided by the Government of New Brunswick. The hydro-enforced DEM was used in six of the seven communities. The 2009 DEM was used in the vicinity of Le Goulet to provide a consistent basis for comparing model output to observations, which pre-dated significant coastal engineering works and alterations to the dynamic Le Goulet coastline, including construction of artificial dunes and sand retention structures [9]. Spatially and temporally varying water levels were prescribed at the offshore boundary of the community-scale model based on output from the regional-scale model, which included tidal forcing based on the TPXO tide model and its regional and local variants [36]. Corrections for wave setup were not incorporated into the community-scale model. Surface wind and atmospheric pressure forcing was applied within the model domain, based on linear interpolation of gridded ERA5 reanalysis data to the model mesh [35]. Initial estimates for the wind drag formulation and coefficients were based on calibrated parameters for the regional-scale model. Initial estimates for land roughness were based on land cover data acquired from the Government of New Brunswick [41,42,43] and typical roughness values by land cover type obtained from literature [44,45].




3. High-Water-Mark Surveys and Photographic and Video Evidence


High-water-mark surveys were conducted by members of the New Brunswick Geological Surveys Branch using a high precision real-time kinematic differential global positioning system (RTK-DGPS) consisting of two rovers and a base station. Leica Viva GS15 GPS receivers were used, which have a reported horizontal and vertical accuracy of 8 mm and 15 mm, respectively [46]. However, duplicate readings on ground-control points revealed that survey accuracy was actually 20 mm to 30 mm in all three axes (i.e., easting, northing, and orthometric height). The surveys were conducted on 9 December 2010 in the vicinity of Le Goulet and Shippagan; 23 June 2011 in the vicinity of Pointe-Brûlée; and 28 June 2011 in the vicinity of Bas-Caraquet. The survey data consisted of point measurements indicating horizontal position (easting and northing) and elevation georeferenced to the Canadian Geodetic Vertical Datum of 1928 (CGVD28). Elevations were converted to the Canadian Geodetic Vertical Datum of 2013 (CGVD2013) using the GPS·H tool [47] to support comparison with the model; model simulations were conducted with elevations referenced to mean water level (MWL), but model results could be easily transformed to CGVD2013. Most of the survey data were based on observations of debris (sea-wrack) deposited onshore by the flood water, primarily consisting of eel grass vegetation. Exceptions included data recorded in Bas-Caraquet (locations BC1 and BC2 on Figure 2), which represent observed gravel deposits, and data recorded in Le Goulet (locations LG1 and LG2), which represent pegs placed by the field team during the flood event marking the maximum flood extent. When debris were used as an indicator of high water, measurements were recorded at ground elevation near the mid-section of the debris lines.



Referring to survey locations shown in Figure 2, most surveyed high-water marks were located either substantially landward of the beach crest (PB1, PB2, PM1, LG1, and LG2), were sheltered within a small bay with fetches less than 3 km (PB3, PB4, PB5, and SG1), or were otherwise sheltered by built structures (SH1 and SG2), such that wave runup contributions to total water levels were expected to be relatively low. This is supported by photographic evidence of the December 2010 flood events, where only small ripples were observed at the flood extent beyond the beach crest in Pointe-Brûlée, Baie-de-Petit-Pokemouche, and Le Goulet (refer to Section 4.2). Exceptions included survey locations in Bas-Caraquet (BC1 and BC1), where surveyed points are located immediately adjacent to the shoreline, which is exposed to Chaleur Bay.



The survey data collected on 9 December 2010 (in the vicinity of Baie-de-Petit-Pokemouche, Le Goulet, Shippagan Gully, and Shippagan) reflect peak flood levels and extents produced during the 6 December 2010 event. It was not fully certain whether debris lines surveyed in June 2011 (in the vicinity of Pointe-Brûlée and Bas-Caraquet) reflected peak flood levels associated with the 6 December 2010 event or the 21 December 2010 event; both events produced similar water levels in the Acadian Peninsula region. To address this uncertainty, modelled results for the 6 December 2010 and 21 December 2010 events were carefully compared for each model setup evaluated during the calibration process (see Section 4.1). Modelled results for the 21 December 2010 event consistently showed more extensive flooding in comparison to the 6 December 2010 event in the vicinity of Pointe-Brûlée for all comparable model setups. In the vicinity of Bas-Caraquet, the modelled results for the 21 December 2010 event showed slightly more extensive flooding compared to the 6 December 2010 event. This suggests that the June 2011 survey data in Pointe-Brûlée and Bas-Caraquet represent peak flood levels associated with the 21 December 2010 event. Furthermore, only single debris lines were observed at Pointe-Brûlée and Bas-Caraquet, further suggesting that the debris lines were formed by the 21 December 2010 event (the later of the two events) in these locations. Altogether, survey data corresponding to the 6 December 2010 event were available at six locations and survey data corresponding to the 21 December 2010 event were available at seven locations (Figure 2).



Flooding during the 6 December 2010 and 21 December 2010 events was photographed. Shoreline debris was also photographed following the events. Footage of the 21 December 2010 event was available from a video uploaded to YouTube by a local resident [48]. The video owner was contacted to confirm the locations shown in the video to support interpretation of the footage for model skill assessment. Altogether, photographic evidence corresponding to the 6 December 2010 event was available at five locations and photographic and video evidence corresponding to the 21 December 2010 event was available at eight locations (Figure 2).




4. Assessment of Model Skill


4.1. Comparison with High-Water-Mark Survey Data


The community-scale model was calibrated by adjusting the wind drag formulation, drag coefficients, and land (Manning’s) roughness and comparing modelled results to the high-water-mark survey data to assess model skill in predicting peak water levels and horizontal flood extents. These quantitative comparisons are presented and discussed in the following paragraphs. The consistency of predictions with photographic and video evidence was also considered (Section 4.2) to corroborate the model skill assessment.



Waterborne debris, such as wrack, is deposited when the submerged draft of the debris exceeds the local water depth and flow-induced forces are insufficient to overcome restoring gravitational and frictional resistance [49]. Debris transport and deposition are complex processes affected by the physical properties of the debris as well as shoreline characteristics and hydrodynamics [50,51,52]. Receding flood waters can also mobilize debris. As such, post-flood surveys of debris elevations do not necessarily provide a precise indication of the peak flood elevation and extent. For context, in a past study where small log debris was used as an indicator of storm surge-driven high-water level, Harper et al. [29] reported vertical survey error up to 0.13 m owing to the scatter of the logs. To facilitate a comparison between model predictions and surveyed debris, an assumption had to be made about the flood depth required to mobilize and deposit the materials. It was assumed that a flood depth of at least 5 cm was required to mobilize and deposit debris, and that this flood depth represents a suitable lower-bound from which to extract flood hazard metrics such as depth and flood extent. Therefore, the modelled 5 cm flood depth contour was adopted as a proxy for peak water level and flood extent. Model skill at predicting peak water levels was assessed by computing the difference between the modelled peak water level and the surveyed high-water mark elevations at each of the 13 survey locations. High-water-mark survey data were available for the 13 discrete locations only, which precluded comprehensive mapping of the flood extent [8,27]. Model skill at predicting the horizontal extent of inundation was therefore assessed by computing horizontal distances between the high-water-mark survey points and the modelled 5 cm flood depth contour at each survey location. Figure 3 shows high-water-mark survey data at locations SH1, SG1, SG2, PB3, PB4, BC1, and BC2, alongside modelled results.



The results of the horizontal and vertical assessment of model skill, through comparison to the high-water-mark survey data, are summarized in Table 1 and Figure 4. Average absolute vertical error was equal to 0.28 m and vertical-root-mean-square error (RMSE) was equal to 0.34 m. Vertical discrepancies less than 30 cm were observed for 7 of the 13 locations. To provide context to the observed vertical error, a comparison between the high-water-mark survey point elevations and the model ground elevations was conducted and revealed general agreement with RMSE discrepancy of approximately 0.2 m. This represents the approximate error between the high-water-mark survey elevations and the model ground elevations, which encompasses the spatial error of the Light Detection and Ranging (LiDAR) data; the error introduced by interpolating the LiDAR data to DEM products; the error introduced by interpolating DEM products to the model mesh; the error introduced by converting surveyed high-water mark elevations from CGVD28 to CGVD2013; and the error introduced by converting model elevations from MWL to CGVD2013. The model ground elevations were derived from the aforementioned DEMs, which, in turn, were derived from LiDAR data that have a reported vertical accuracy of 0.05 m RMSE and horizontal accuracy of 0.2 m RMSE [40]. The largest vertical discrepancies were observed at the Shippagan Gully (SG) locations. However, it is expected that the fast and dynamic flows through the gully and the presence of fine resolution structures may present challenges to achieving accurate model results. Flow velocities up to 3.1 m/s and 2.6 m/s were observed near Shippagan Gully for the 6 December 2010 and 21 December 2010 events, respectively. Average absolute horizontal error was equal to 6.25 m, and horizontal RMSE was equal to 7.16 m. Except for locations LG1 and LG2, the model was able to reproduce measured flood extents with sub-mesh-resolution accuracy (i.e., discrepancies less than 10 m). Altogether, with consideration of the model resolution, and in light of uncertainties regarding water depth and debris deposition, the observed vertical and horizontal discrepancies were deemed acceptable to support coastal flood hazard assessment. Based on the computed RMSE values for the events and locations investigated, the model predicts inundation to within ±0.34 m vertically and ±7.16 m horizontally, which reflects similar spatial scales to those associated with buildings and assets of relevance to risk assessment.




4.2. Comparison with Photographic and Video Evidence


Qualitative assessment of model skill was conducted by comparing modelled results with photographic and video evidence of flooding captured during and after the 6 December 2010 and 21 December 2010 events. The photographic and video evidence permitted assessment of model skill in areas where survey data were not collected and provided a basis for model validation. In general, modelled results agreed well with photographic and video evidence. However, the model overestimated inundation extents at Le Goulet, as apparent from horizontal error values computed for survey locations LG1 and LG2 (Table 1), which were the highest of all locations evaluated. Figure 5, Figure 6 and Figure 7 show modelled results in comparison to photographic and video evidence near Pointe-Brûlée, Baie-de-Petit-Pokemouche, and Le Goulet, respectively; where available, surveyed high-water marks are also shown in yellow.





5. Discussion and Conclusions


5.1. Synthesis


A high-resolution, numerical hydrodynamic model was applied to simulate storm surge-driven coastal flooding at communities on the Acadian Peninsula in eastern Canada. Comparisons of model output to surveyed debris and high-water marks demonstrated that the community-scale inundation model generally produces sub-mesh-resolution horizontal accuracy, with vertical accuracy of approximately 0.34 m. Both horizontal and vertical discrepancies may be explained, in part, by wave contributions to observed high-water marks, which were not included in the community-scale modelling. The largest horizontal error was observed in Le Goulet (LG1 and LG2), which is the site most exposed to waves propagating from the longest north-easterly fetches in the Gulf of Saint Lawrence. Furthermore, model ground elevations incorporate interpolation error. In addition, assumptions and uncertainties pertaining to flood depths required to mobilize and deposit debris may have also contributed to discrepancies. Ultimately, considering the model resolution and aforementioned uncertainties, model skill was deemed acceptable to support community-scale flood hazard assessment.



The presented work illustrates methods to assess model skill using surveyed high-water marks, in conjunction with photographic and video evidence, in lieu of, or supplementary to, proximate tide gauge records. Photographic and video evidence provided valuable information to support qualitative assessment of model skill where survey data were not available. The presented methods, which provide insight into model skill and uncertainty in predicting key flood hazard metrics (i.e., the areal extent and depth, or maximum elevation, of flooding), are conducive to community-scale flood disaster risk management where an understanding of such metrics is required to inform assessment of damages and consequences. Although flood extent and elevations may be inferred from point measurements of water level at tide gauges located on the coast (e.g., using bathtub modelling techniques), such approaches leave many open questions regarding skill in predicting overland flooding pathways, and floodwater interactions with coastal floodplain features, which influence hazards.



Unlike area-based methods for assessing model skill at predicting inundation, which require abundant and expansive data collection (e.g., [2,8,27]), modelled horizontal flood extents were assessed using a distance-based method on discrete clusters of survey data. Furthermore, area-based methods require the selection and application of interpolation methods to fully delineate flood extent, introducing further error and uncertainty to model skill assessment [27].



The presented methods lend gravity to the importance of non-conventional data sources in data-scarce regions and provide motivation to advance research focused on coastal debris detection and delineation through field or remote-sensing techniques.




5.2. Limitations and Future Research Needs


The community-scale hydrodynamic model was designed to simulate elevated water levels caused by tides and storm surge, and resulting flood hazards. The model excluded wave effects (i.e., wave runup, overtopping), morphodynamic effects (e.g., dune erosion or breaching), and their contributions to flood hazards, which are sources of model uncertainty in more exposed, open-coast communities. Integration or coupling of wave and morphodynamic models with the hydrodynamic model could enable improved flood hazard assessment and quantify or reduce these sources of uncertainty.



Debris transport and deposition are affected by the physical properties of the debris, shoreline characteristics, and hydrodynamics [50,51,52]. In this study, sea wrack and shoreline debris were used to support model skill assessment, assuming that they represent a proxy for peak water level elevation and flood extent, following similar assumptions by others [8,26,27,28,29,30]. Future research addressing the processes and mechanisms underlying the transport and deposition of specific debris types in different coastal settings would help to clarify linkages between water levels and deposits of debris, and their utility to support coastal flood hazard assessment.



In this study, photographic and video evidence was used to corroborate the quantitative model skill assessment (relying on debris surveys) in a purely qualitative way. However, recent advancements in video- and imagery-based methods and machine learning techniques to measure bathymetry, depth, and flow velocity offer promise for quantitative assessment [53,54,55,56]. Further advancements in these areas, targeted at assessment of hydraulic parameters and interpretation of photographic evidence of historical flooding, would contribute to improved model skill assessment, particularly in data-scarce regions.



The methods and findings presented in this paper offer guidance on assessing model skill in data-scarce regions where coastal debris persist, albeit based on data for a limited number of storm-driven flooding events on Canada’s Atlantic coast. Further case studies and validation of the presented methods would enable generalization to a broader range of site conditions.
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Figure 1. Study location. The image on the left shows the Acadian Peninsula (yellow box) within the broader extent of Atlantic Canada. The image on the right shows selected communities from the Acadian Peninsula where inundation modelling was completed using a fine-resolution, community-scale hydrodynamic model; population estimates are shown in parentheses [25]. 
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Figure 2. Data available to support model skill assessment. High-water-mark survey data are shown as yellow points. General areas where photographic or video evidence were available are shown with white boxes. Short-form identification labels assigned to high-water-mark survey locations are shown: BC = Bas-Caraquet; PB = Pointe-Brûlée; SH = Shippagan; SG = Shippgan Gully; LG = Le Goulet; PM = Baie-de-Petit-Pokemouche. 
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Figure 3. Model skill assessment for the 6 December 2010 flood event in (a,b) Shippagan and Shippagan Gully, and the 21 December 2010 event in (c,d) Pointe-Brûlée and Bas-Caraquet. Surveyed high-water marks are shown in yellow, and the area lying within the 5 cm flood depth contour is shown in blue. 
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Figure 4. Assessment of (a) vertical and (b) horizontal model skill. The solid line in (a) represents equality of measured and modelled elevations, and the dashed lines represent RMSE of model ground elevations compared to measured point elevations from the high-water-mark survey. Points in (a) indicate computed averages, and boxes indicate the range of modelled and measured elevations at each location. Values in (b) are normalized by the model element edge length (i.e., 10 m). Colors indicate matching locations. 
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Figure 5. Modelled results for the 21 December 2010 event in Pointe-Brûlée compared to (a) video evidence of flooding (video frame extracted from a YouTube video uploaded by a local resident [48]). Approximate observer location and direction of view are shown by the red icon. Video frame (a) coincides with observer location (a*). Survey data in the vicinity of the video evidence are shown in yellow. 
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Figure 6. Modelled results for the 6 December 2010 event in Baie-de-Petit-Pokemouche compared to (a–c) photographic evidence. Approximate observer location and direction of view are shown by the red icons. Photographs (a), (b) and (c) coincide with observer locations (a*), (b*) and (c*), respectively. Survey data in the vicinity of the photographic evidence are shown in yellow. 
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Figure 7. Modelled results for the 6 December 2010 event in Le Goulet compared to (a–c) photographic evidence. Approximate observer location and direction of view are shown by the red icons. Photographs (a), (b) and (c) coincide with observer locations (a*), (b*) and (c*), respectively. Survey data in the vicinity of the photographic evidence are shown in yellow. 
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Table 1. Comparison of modelled and measured flood elevations and extents.
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	Location
	Event
	Spatial Average Vertical Error (m) (Model-Survey)
	Spatial Average Horizontal Error (m)





	PM1
	6 December 2010
	0.01
	5.54



	LG1
	6 December 2010
	0.38
	11.33



	LG2
	6 December 2010
	0.36
	15.43



	SG1
	6 December 2010
	0.67
	6.00



	SG2
	6 December 2010
	0.49
	4.97



	SH1
	6 December 2010
	0.40
	6.94



	PB1
	21 December 2010
	−0.06
	2.20



	PB2
	21 December 2010
	−0.06
	2.85



	PB3
	21 December 2010
	0.33
	4.79



	PB4
	21 December 2010
	0.29
	5.45



	PB5
	21 December 2010
	0.10
	5.33



	BC1
	21 December 2010
	−0.24
	2.73



	BC2
	21 December 2010
	−0.28
	7.64
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