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Abstract

Contemporary sea level rise (SLR) research seldom considers enabling effective geo-
visualisation for the communities. This lack of knowledge transfer impedes raising
awareness on climate change and its impacts. The goal of this study is to produce an online
SLR map accessible to the public that allows them to interact with evolving high-
resolution geospatial data and techniques. The study area was the North Shore of
Vancouver, British Columbia, Canada. While typically coarser resolution (10 m+/pixel)
Digital Elevation Models have been used by previous studies, we explored an open access
airborne | m LiDAR which has a higher resolution and vertical accuracy and can
penetrate tree cover at a higher degree than most satellite imagery. A bathtub method
model with hydrologic connectivity was used to delineate the inundation zones for
various SLR scenarios which allows for a not overly complex model and process using
standard tools such as ArcGIS and QGIS with similar levels of accuracy as more complex
models, especially with the high-resolution data. Deep learning and 3D visualizations were
used to create past, present, and modelled future Land Use/Land Cover and 3D flyovers.
Analysis of the possible impacts of I, 2, 3, and 4 m SLR over the unique coastline, terrain,
and land use was detailed. The generated interactive online map helps local communities
visualize and understand the future of their coastlines. We have provided a detailed
methodology and the methods and results are easily reproducible for other regions. Such
initiatives can help popularize community-focused geovisualisation to raise awareness
about SLR.
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Introduction

During the last 70 years, the population of coastal cities has expanded 4.5 times.'
230 million people live within less than 1 metre (1 m) above an open body of water
whereas 1 billion live less than 10 m above.> It is likely that hundreds of millions of people
will be displaced during the next centuries due to sea level rise (SLR).* From 1901 to
2018, there was between 15 and 25 cm increase in average sea level and 7.5 cm of that
increase occurred from 1993 to 2017.* Due to the number of people that will be affected,
there have been numerous studies throughout the world on how SLR will impact various
communities. Most of this research has been completed at a local level.” However, when it
comes to developing effective geovisualisation of the SLR research results for coastal
communities and policymakers to realize the seriousness of the situation, many efforts are
still needed.

Numerous studies have predicted that over the coming years, an increase of SLR will
occur because of the global temperature increase due to climate change, the extent of that

increase varies greatly.® The Intergovernmental Panel on Climate Change (IPCC) predicts
that at a Representative Concentration Pathway (RCP) of 2.6 (one of the best-case
scenarios), there will likely be a global mean SLR of 0.30-0.65 m by 2100 and 0.54-2.15 m by
2300. At RCP 8.5 (one of the worst-case scenarios), there is likely to be an increase of

'Kepeng Xu Jiayi Fang, Yonggiang Fang, Qinke Sun, Chengbo Wu, and Min Liu, ‘The Importance of Digital
Elevation Model Selection in Flood Simulation and a Proposed Method to Reduce DEM Errors: A Case Study in
Shanghai’, International Journal of Disaster Risk Science 12, no. 6 (December 1, 2021): 890-902, https://doi.
org/10.1007/s13753-021-00377-z.

2Scott A. Kulp and Benjamin H. Strauss, ‘New Elevation Data Triple Estimates of Global Vulnerability to Sea-
Level Rise and Coastal Flooding’, Nature Communications 10, no. 1 (October 29, 2019): 4844, https://doi.org/
10.1038/541467-019-12808-z.

3R. Mani Murali and P.K. Dinesh Kumar, ‘Implications of Sea Level Rise Scenarios on Land Use/Land Cover
Classes of the Coastal Zones of Cochin, India’, Journal of Environmental Management 148 (January 2015):
124-33, https://doi.org/10.1016/j.jenvman.2014.06.010; Manik Mahapatra, Ratheesh Ramakrishnan, and
A. Rajawat, ‘Coastal Vulnerability Assessment of Gujarat Coast to Sea Level Rise Using GIS Techniques: A
Preliminary Study’, Journal of Coastal Conservation 19 (April 26, 2015), https://doi.org/10.1007/s11852-015-
0384-x.

“Thomas Frederikse et al., ‘The Causes of Sea-Level Rise since 1900°, Nature 584, no. 7821 (August 20, 2020):
393-97, https://doi.org/10.1038/541586-020-2591-3.

Sophia S. Rwanga and J. M. Ndambuki, ‘Accuracy Assessment of Land Use/Land Cover Classification Using
Remote Sensing and GIS’, International Journal of Geosciences 08, no. 04 (2017): 611, https://doi.org/10.4236/
jg.2017.84033.

%0z Sahin, Rodney A. Stewart, Gaelle Faivre, Dan Ware, Rodger Tomlinson, and Brendan Mackey, ‘Spatial
Bayesian Network for Predicting Sea Level Rise Induced Coastal Erosion in a Small Pacific Island’, Journal of
Environmental Management 238 (May 15, 2019): 341-51, https://doi.org/10.1016/j.jenvman.2019.03.008.
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0.63-1.32 m by 2100 and 1.67-5.61 m at 2300.” Several researchers have discussed
issues of properly accounting for the overall uncertainty inherent in SLR assessments.”
These authors state that best practices should be used to increase the accuracy of Digital
Elevation Models (DEMs) and Land Uses/Land Covers (LULCs) (the identification of
major surface cover classes) in the analysis of SLR. There are many free, publicly ac-
cessible satellite global DEMs that are widely used by SLR studies including SRTM,
ASTER GDEM, ALOS World 3D, TanDEM-X, NASADEM, and MERI. Each of these
have resolutions that are coarser than 10 m in horizontal and their vertical accuracies can
vary from several metres to tens of metres, whereas ideal SLR models require fine in-
crements (<=1 m) of data.” In the study carried out by Gesch, he concluded, ‘higher
resolution data with better vertical accuracy significantly improve assessment results’.'”
However, this is not the case for the publicly accessible satellite global DEMs mentioned
above which is a significant limitation to the ability to accurately discover what areas are
at risk to be inundated.'" Aforementioned global DEMs usually are also of coarser spatial
resolutions, varying between 10 and 90 m per pixels, thus limiting their capabilities for
SLR research. Due to these spatial resolution and accuracy limitations of free-to-access
global DEMs, there is a growing need to employ higher resolution and better accuracy
regional scale DEMs to enable reliable SLR estimates. In this study, we have used a high-
resolution (1 m/pixel) and high accuracy publicly available airborne Light Detection and
Ranging (LiDAR) DEM. Such LiDAR DEMs are usually better than 3 m/pixel in spatial
resolutions.'? Besides resolution, LIDAR DEMs have high vertical accuracy which is
very important in estimating land area and property vulnerability to SLR.'* Lastly,
LiDAR is better at penetrating the vegetation canopy which creates more reliable DEMs, a

7Benjamin P. Horton Nicole S. Khan, Niamh Cahill, Janice S. H. Lee, Timothy A. Shaw, Andra J. Garner,
Andrew C. Kemp, Simon E. Engelhart, and Stefan Rahmstorf, ‘Estimating Global Mean Sea-Level Rise and Its
Uncertainties by 2100 and 2300 from an Expert Survey’, Npj Climate and Atmospheric Science 3, no. 1 (May 8,
2020): 1-8, https://doi.org/10.1038/s41612-020-0121-5.

8Dean B. Gesch, ‘Best Practices for Elevation-Based Assessments of Sea-Level Rise and Coastal Flooding
Exposure’, Frontiers in Earth Science 6 (2018), https://www.frontiersin.org/article/10.3389/feart.2018.00,230;
Hannah Sirianni et al., ‘Assessing Vulnerability Due to Sea-Level Rise in Maui, Hawai‘i Using LIDAR Remote
Sensing and GIS’, Climatic Change 116 (February 1, 2012), https://doi.org/10.1007/s10584-012-0510-9.
Gesch, ‘Best Practices for Elevation-Based Assessments of Sea-Level Rise and Coastal Flooding Exposure’.
Gesch.

""Xu et al., “The Importance of Digital Elevation Model Selection in Flood Simulation and a Proposed Method to
Reduce DEM Errors’.

2K ristian Breili Matthew James Ross Simpson, Erlend Klokkervold, and Oda Roaldsdotter Ravndal, ‘High-
Accuracy Coastal Flood Mapping for Norway Using Lidar Data’, Natural Hazards and Earth System Sciences
20, no. 2 (February 27, 2020): 673-94, https://doi.org/10.5194/nhess-20-673-2020; Rwanga and Ndambuki,
‘Accuracy Assessment of Land Use/Land Cover Classification Using Remote Sensing and GIS’.

BDeivid Cristian Leal-Alves et al., ‘Digital Elevation Model Generation Using UAV-SfM Photogrammetry
Techniques to Map Sea-Level Rise Scenarios at Cassino Beach, Brazil’, SN Applied Sciences 2, no. 12
(December 12, 2020): 2181, https://doi.org/10.1007/s42452-020-03,936-z; Sirianni et al., ‘Assessing Vulner-
ability Due to Sea-Level Rise in Maui, Hawai‘i Using LIDAR Remote Sensing and GIS’.
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valuable improvement for deriving the terrain of vegetated coasts.'* Unmanned aerial
vehicles (UAVs) with LIDAR have become a cheaper alternative for high-resolution
DEMs in comparison to aerial and satellite acquisition techniques, but due to the cost and
the size of the study area, UAVs were not used for this study.'

There are many types of models of SLR predictors including Coastal Impact Visu-
alization Environment (CIVE), Coastal Risk Assessment Frame (CRAF), Dynamic In-
teractive Vulnerability Assessment (DIVA), and bathtub model. CIVE and CRAF are both
models that are used for specific regions in the United States and the United Kingdom.
DIVA that is very expensive to use requires a significant amount of data to create
simulations such as tidal patterns which are not part of the scope of this paper. By contrast,
the bathtub model is one of the most popular simulations for predicting SLR due to its
quick development and its ease of use for the public to understand. This model uses simple
mass balance equations based on the premise of water entering a tub. From this concept, a
relatively reliable model of SLR can be created in a short period of time. Moreover, when
hydrologic connectivity (inundation only occurs in areas that are directly connected to the
ocean) is added to the bathtub method, it can perform at levels close to the accuracy of
more complex models.'® As GIS data collection advances, an expanding volume of
publicly accessible LIDAR mapping data will become more available.

Our study area, the coastline of Vancouver, is predicted to display 1.0-1.4 m SLR by
2100, and 2 m SLR by 2200 on the website of the City of Vancouver at: https://vancouver.
ca/green-vancouver/climate-change-and-sea-level-rise.aspx.'” A study predicted the
worst case of SLR would be 4 m for the region by 2300.'® However, it is worth noting that
such estimates are still based on lesser-to-moderate impact scenarios, and any unforeseen
or extreme climate scenario can lead to far-reaching impacts on this coastline. Utilizing
the free-of-cost availability of LIDAR data and computationally efficient algorithms for
SLR predictions thus becomes relevant to generate more reliable models for this coastline,
which can further be visualized and interacted with by the local communities. The authors

“Ronald Vernimmen, Aljosja Hooijer, and Maarten Pronk, ‘New ICESat-2 Satellite LIDAR Data Allow First
Global Lowland DTM Suitable for Accurate Coastal Flood Risk Assessment’, Remote Sensing 12, no. 17
(January 2020): 2827, https://doi.org/10.3390/rs12172827.

'SLeal-Alves et al., “Digital Elevation Model Generation Using UAV-SfM Photogrammetry Techniques to Map
Sea-Level Rise Scenarios at Cassino Beach, Brazil’.

1Xinyu Fu and Jie Song, ‘ Assessing the Economic Costs of Sea Level Rise and Benefits of Coastal Protection: A
Spatiotemporal Approach’, Sustainability 9, no. 8 (August 2017): 1495, https://doi.org/10.3390/su9081495.
""City of Vancouver, ‘Climate Change and Sea Level Rise’, accessed April 10, 2023, https:/vancouver.ca/green-
vancouver/climate-change-and-sea-level-rise.aspx.

'8 Abdulahad Malik and Rifaat Abdalla, ‘Geospatial Modeling of the Impact of Sea Level Rise on Coastal
Communities: Application of Richmond, British Columbia, Canada’, Modeling Earth Systems and Environment
2, no. 3 (September 2016): 146, https://doi.org/10.1007/s40808-016-0199-2.
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opted for these extended time frames (2100-2300) as they follow a conventional approach
in sea level rise (SLR) research to illustrate the enduring regional changes in inundation."’

Geovisualisation enables visual analysis of geospatial data and is achieved through
convergence of cartography, geographic information system (GIS), and geomodelling
methods.?° In contemporary geovisualisation, digital maps are the base datasets, and im-
proving internet connectivity and online map hosting platforms are further aiding to in-
creasing number of researchers thinking in this direction. Coastal communities are one of the
most vulnerable to natural disasters, and SLR and associated impacts have the potential to
alter community socioeconomy drastically. Thus, a focus of SLR research should also be on
designing and advancing efforts to enable digital geovisualisation of findings to the
community and local policymakers. With free-to-access geovisualisation platforms such as
Environmental Systems Research Institute (ESRI) Story Map becoming popular, now is the
time to ensure that complex SLR results can be made accessible online in an easy to
understand format for the public. Even policymakers are often not from geophysical
backgrounds and easily understandable spatial geovisualisation can help their understanding
for quick and informed decision-making. However, coastal and SLR geovisualisation is still
in its initial years with only several significant publications and that too mostly post-2015.2"
Thus, there is a need to form a framework that implements geovisualisation on various SLR
scenario over a platform that can be made easily accessible to public.

To reduce the abstractness of the effects of climate change, many authors suggest
demonstrating to the public (via interactive maps and exploratory features) local well-
known locations that will be inundated due to SLR.** Some studies have utilized citizen
science in coastal research, where non-professional individuals actively contribute data to

"“Giacomo Deiana et al., ‘MIS 5.5 Highstand and Future Sea Level Flooding at 2100 and 2300 in Tectonically
Stable Areas of Central Mediterranean Sea: Sardinia and the Pontina Plain (Southern Latium), Italy’, Water 13,
no. 18 (January 2021): 2597, https://doi.org/10.3390/w13182597; A. A. Lesy D. Susiloningtyas, ‘Dynamic
System Model of Land Use Affected by Sea Level Rise in the Coastal Area of Bengkulu City, Indonesia’,
Journal of Hunan University Natural Sciences 48, no. 4 (May 16, 2021), http://www.jonuns.com/index.php/
journal/article/view/546.

2*Menno-Jan Kraak and Ferjan Ormeling, Cartography: Visualization of Geospatial Data, Fourth Edition (CRC
Press, 2020).

21 Andrea Minano, Peter A. Johnson, and Johanna Wandel, “Visualizing Flood Risk, Enabling Participation, and
Supporting Climate Change Adaptation Using the Geoweb: The Case of Coastal Communities in Nova Scotia,
Canada’, GeoJournal 83, no. 3 (June 1, 2018): 413-25, https://doi.org/10.1007/s10708-017-9777-8; Robert
Newell, Rosaline Canessa, and Tara Sharma, ‘Visualizing Our Options for Coastal Places: Exploring Realistic
Immersive Geovisualizations as Tools for Inclusive Approaches to Coastal Planning and Management’,
Frontiers in Marine Science 4 (2017), https://www.frontiersin.org/articles/10.3389/fmars.2017.00290.
22David P. Retchless, ‘Understanding Local Sea Level Rise Risk Perceptions and the Power of Maps to Change
Them: The Effects of Distance and Doubt’, Environment and Behaviour 50, no. 5 (June 1, 2018): 483-511,
https://doi.org/10.1177/0013916517709043.
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understand coastal ecosystems.*> An example of citizen science is CoastSnap which is a
project that relies on repeat photos at the same location to track coastal changes over
time.>* This project uses public engagement through an interactive online map, hotspots
of local importance and a 3D flyover rather than crowd sourced data.

Keeping in view, the aforementioned research gaps and needs, the aim of our paper is
to create a more precise, publicly accessible interactive online map using modern GIS
methods that allows the public to explore the impacts of SLR due to climate change with
its direct impact to key well-known places of the North Shore of Vancouver, Canada,
using new high-resolution data and deep learning.

To achieve this aim, there are three main objectives:

1. Demonstrate which areas will be inundated on the coast at 1, 2, 3,and4 m SLR
by using 1 m resolution LiDAR Digital Elevation Model (DEM) implementing
the bathtub method model with hydrologic connectivity.

2. Create a land use map of these areas and predict future changes in land use with
modern methods including deep learning.

3. Create an interactive online map detailing findings for the public to explore
negative SLR impacts to local major infrastructure, commercial areas, and resi-
dential areas.

Study area

The study area is the North Shore of Vancouver (Figure 1), British Columbia, Canada.
This region is surrounded by three bodies of water: Howe Sound to the west, Burrard Inlet
to the south, and Indian Arm to the east. The northern third of the District of North
Vancouver and West Vancouver was left out of this study since most of the inhabited areas
of this mountainous area are ski resorts which will not be affected by SLR.

The Greater Vancouver area is considered to be amongst the most vulnerable cities to
SLR.?* Compared to the rest of the Metro Vancouver area, the North Shore relies heavily
on its coastal economy and includes part of the largest commercial port in Canada. Unlike
the City of Vancouver*® and some of its suburbs such as Richmond,?’ there have been no
major focused studies completed on the effects of SLR on the North Shore. The temperate
climate of the Greater Vancouver area is oceanic, humid, and cool with a significant rainy

ZCarmen E. Elrick-Barr et al., ‘Understanding Coastal Social Values through Citizen Science: The Example of
Coastsnap in Western Australia’, Ocean & Coastal Management 238 (May 1, 2023): 106563, https://doi.org/10.
1016/j.0cecoaman.2023.106563.

2*Mitchell D. Harley and Michael A. Kinsela, ‘CoastSnap: A Global Citizen Science Program to Monitor
Changing Coastlines’, Continental Shelf Research 245 (August 1, 2022): 104796, https://doi.org/10.1016/j.csr.
2022.104796.

25T.S. Lyle and T. Mills, ‘Assessing Coastal Flood Risk in a Changing Climate for the City of Vancouver’,
Canadian Water Resources Journal/Revue Canadienne Des Ressources Hydrigues 41, no. 1-2 (April 2, 2016):
343-52, https://doi.org/10.1080/07011784.2015.1126695.

2Lyle and Mills.

Z"Malik and Abdalla, ‘Geospatial Modeling of the Impact of Sea Level Rise on Coastal Communities’.
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Figure I. Maps of the overall location of the study area (top) and the local area with boundaries of
the municipalities (bottom). The top basemap is from Earthstar Geographic whereas the bottom
is a mosaic from Maxar and VFPA.
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season normally lasting from October to March. The average temperature is 11.0°C. This
region is susceptible to flooding from the Fraser River as well as to earthquakes and
windstorms.

Methodology

Creating SLR images

Unlike most DEMs used in the past for SLR created from typically 10 m + satellite
images, this project used a DTM and a DSM airborne LiDAR that is 1 m in resolution
from the 2021 CanElevation Series made by the Government of Canada.?® LiDAR data
has a higher resolution, higher vertical accuracy, and can penetrate tree cover at a higher
degree than most satellite imagery.”® The bathtub method model with hydrologic con-
nectivity was used to delineate inundation zones. This allowed for a not overly complex
model and process, making it possible to obtain results by using standard tools like
ArcGIS at levels close to the accuracy of more complex models especially with the high-
resolution data.*

LiDAR DTM dataset and the created Coastline shapefile were the two layers used to
create the four SLR levels. High-resolution LiDAR DTM also allowed the creation of a
more accurate coastline with better vertical accuracy.’’ A polygon was created by hand of
the high tide coastline of the study area which was used for a mask throughout this
Methodology. This was completed with ArcGIS Pro 3.0 as with all the ArcGIS Pro data in
this study besides revisions that were made with 3.03. The polygon was created from the
base map image of the ArcGIS Pro 3.0 and was a combination of two images: one from
Maxar taken on 4/28/2022 with a resolution of 0.31 m, and the other from the Port of
Vancouver captured on 4/13/2021 with a resolution of 0.1 m. These images were chosen
since they provided the highest resolution available at no cost. Due to their high reso-
lution, it was relatively straightforward to identify the locations of high tide marks. The
purpose of creating this mask was to eliminate the significant number of boats and private
docks detected in the DEMs, as they would otherwise generate areas above sea level,
leading to errors in the bathtub method model.

The Raster Calculator was an important tool to create a new raster image to show 0—
1 m of SLR using the equation ‘DEM’ <=1. This demonstrated all the areas that would be
inundated if the sea level rose to 1 m. 1 m was used since the City of Vancouver predicts

ZTreasury Board of Canada Secretariat, ‘High-Resolution Digital Elevation Model (HRDEM) — CanElevation
Series — Open Government Portal’, accessed June 27, 2023, https://open.canada.ca/data/en/dataset/957782bf-
847¢c-4644-a757-¢383c0057995.

“2Sirianni et al., ‘Assessing Vulnerability Due to Sea-Level Rise in Maui, Hawai‘i Using LIDAR Remote
Sensing and GIS’; Vernimmen, Hooijer, and Pronk, ‘New ICESat-2 Satellite LIDAR Data Allow First Global
Lowland DTM Suitable for Accurate Coastal Flood Risk Assessment’.

30Breili et al., ‘High-Accuracy Coastal Flood Mapping for Norway Using Lidar Data’; Leal-Alves et al., ‘Digital
Elevation Model Generation Using UAV-SfM Photogrammetry Techniques to Map Sea-Level Rise Scenarios at
Cassino Beach, Brazil’.

*!Gesch, ‘Best Practices for Elevation-Based Assessments of Sea-Level Rise and Coastal Flooding Exposure’.
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that there will be 1.0-1.4 m SLR in the region at the current trajectory for global
temperature rise by 2100.>? Moreover, 1 m is the smallest increment in the LIDAR DEM.
The above was repeated for 2, 3, and 4 m.

Since the four equations that were used produced all areas between 0 and 4 m above sea
level, several of the areas that were within this range were located inland without any
connection to the coastline of Burrard Inlet. To rectify this, all areas that did not connect to
the inlet were deleted by using hydrologic connectivity,*® accomplished by converting the
raster image to a vector format. Even though there might be some degradation of data,
whenever converting between the two, vector data was needed for the land use map. After
the four new polygon layers (1, 2, 3, and 4 m) were created, removing inland inundation
zones was possible. This was accomplished by using the four polygon layers with the
Coastline shapefile and using Select by Location with Are Crossed by the Outline of the
Source Layer Feature as the selection method. This allowed for areas that touch the
borders between 0 and 4 m to be the only areas. This approach of hydrologic connectivity
worked for this study area since three of the four sides of the borders are water bodies and
the last is a mountainous area with very high elevation. These new polygons were the end
product for the four SLR layers used throughout the next sections of the Methodology.

Creating past, present, and future land use

A 2021 LULC, part of the Sentinel-2 10 m Land Use/Land Cover Time Series, was taken
from Esri Living Atlas.>* The LULC was clipped with the Coastline shapefile that was
already created. This allowed for a similar study area of the region. However, since this
raster had a resolution of 10 m and the SLR data had one of 1 m, the clipping and results
were less accurate. This 10 m LULC was chosen since it had the best resolution for any
free publicly available LULC for the study area. The four SLR layers clipped the output of
the LULC to demonstrate four different LULCs of the four different heights of SLR for
analysis to examine what land cover would be inundated at each SLR height. Even though
LULC had some empty data cells, none of these cells were part of the areas that would be
affected by SLR and did not change the clipping or further SLR-related analyses.

To test the accuracy of ESRI’s 2021 LULC, an accuracy assessment was completed by
using ArcGIS Pro 3.03 and Google Earth Images. In ArcGIS Pro, 500 stratified random

32Vancouver, ‘Climate Change and Sea Level Rise’.

33Fu and Song, ‘Assessing the Economic Costs of Sea Level Rise and Benefits of Coastal Protection’.
3Jinnan Zhang, ‘Esri|Sentinel-2 Land Cover Explorer’, accessed July 4, 2023, https://livingatlas.arcgis.com/
landcoverexplorer/.
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points were used to observe if the classification was the same as the ground truthing.
500 points were chosen since this is a norm in many studies as a good medium bound for
strong accuracy. For this, LULC ground truthing was completed by carrying out 20 field
observations spread across the study area, coupled with Google Earth Images for the year
of2021. Earth Images were sourced from Maxer, but no resolution was given by Google.
However, Maxer states that all their images could range from 0.2 to 5 m resolution and,
based on comparison with other images, the image of the study area seems to be less than
1 m in resolution. From this, a Confusion Matrix was created which demonstrates a high
overall accuracy of 97% and a high kappa coefficient of 94% for the 2021 LULC. The
Confusion Matrix is important for verifying the study area as it provides a comprehensive
evaluation of classification accuracy. Moreover, it enables informed decision-making and
assessment of the reliability of spatial predictions and analyses. This accuracy is increased
with stratified sampling which includes rare data categories often missed by simple
random sampling, making it accurate for habitat and remotely sensed data.*®

Since there will be changes for the current LULC of the study area when 1 to 4 m SLR
might occur, this study used past land cover changes to predict future ones in TerrSet
Idrissi. This was particularly important because of the long-term time range to achieve 1 to
4 mrises in sea level, if at all. In TerrSet, LULC maps were created from Landsat 5 images
from the years 1991, 2006, and 2011. These three dates were chosen due to regional
historic reasons and being 10, 15, and 30 years of the current (2021) map. The first year
1991 was chosen due to the increase in population in the region after the World Expo 86
(1986) hosted in Vancouver. In 2003, Vancouver won the bid to hold the 2010 Winter
Olympics and development in the study area rapidly increased, which is why 2006 was
chosen. Lastly, 2011 was chosen to demonstrate the changes in the region after the
Olympics.*” By using Land Change Modeler of this program with the 1991 and 2006 land
cover maps as well as other maps such as distance from roads, which is discussed at the
end of this section, the modeler loosely predicted future LULC. The 2011 image was used
for validating the results from the MLP/MC deep learning prediction that was created by
the first two images of 1991 and 2006.

Landsat 5 images from 1991, 2006, and 2011 were used. All the satellite images that
were downloaded were from Tier 1, the highest quality of data. Moreover, Level 2 data

33Sara Hogan and Matthew A. Reidenbach, ‘Quantifying and Mapping Intertidal Oyster Reefs Utilizing LIDAR-
Based Remote Sensing’, Marine Ecology Progress Series 630 (November 7, 2019): 83-99, https://doi.org/
10.3354/meps13118; Ante Siljeg et al., ‘Comparative Assessment of Pixel and Object-Based Approaches for
Mapping of Olive Tree Crowns Based on UAV Multispectral Imagery’, Remote Sensing 14, no. 3 (January
2022): 757, https://doi.org/10.3390/rs14030757; José Antonio Valero Medina and Beatriz Elena Alzate
Atehortua, ‘Comparison of Maximum Likelihood, Support Vector Machines, and Random Forest Techniques in
Satellite Images Classification’, Tecnura 23, no. 59 (January 1, 2019): 13-26, https://doi.org/10.14483/
22487638.14826.

3%Hogan and Reidenbach, ‘Quantifying and Mapping Intertidal Oyster Reefs Utilizing LIDAR-Based Remote
Sensing’.

37Karen Ferguson Peter Hall, Meg Holden, and Anthony Perl, ‘Introduction—Special Issue on the Urban
Legacies of the Winter Olympics’, Urban Geography 32, no. 6 (August 1, 2011): 761-66, https://doi.org/10.
2747/0272-3638.32.6.761.


https://doi.org/10.14483/22487638.14826
https://doi.org/10.14483/22487638.14826
https://doi.org/10.2747/0272-3638.32.6.761
https://doi.org/10.2747/0272-3638.32.6.761
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was used since bottom of atmosphere corrects atmospheric effects resulting in surface
reflectance images. These satellite images were taken over the summer period to avoid the
presence of snow in the data. The Bands 2 (green), 3 (red), and 4 (near infrared) were used
for the three time periods and created into composite images. A false colour image was
created with Band 2 used as the blue image, Band 3 as the green, and Band 4 as the red.
False colour image was used since it allows for easier training to distinguish the difference
between Grassland (light red), Woodland (dark red), Bare Earth (white to very light blue),
and Urban Areas (light blue).*®

From a supervised classification (Maximum Likelihood) of the data, five different
classes were sampled to be trained and saved for each of the composite images of the three
time periods. 10% of each image was trained for the remaining 90%.

The five classes were named: 1-Waterbodies, 2-Trees, 3-Grassland, 4-Buildings or
Roads, and 5-Bare Earth. The bands used to create the composites for each year were then
used to allow the system to analyse the sampled data. These five classes were used since
each of these was defined for a program to train, and each was differently affected by SLR.
Using Maximum Likelihood Classification tool (MAXLIKE), a land cover map was
created for these three time periods by classifying the images with the samples.
MAXLIKE was used for this study since it is one of the most popular methods of
classification in remote sensing that predicts to which class each pixel belongs by the
closest indicator.*

To assert the accuracy of these three LULCs, three other accuracy assessments were
completed on ArcGIS Pro of the respective years. However, unlike the assessment of the
2021 LULC, only Google Earth Images for each of the past years were used as the ground
truths equivalent. Since Google Images for 1991 used the same source, the visual analysis
of satellite image used to create the LULCs was the basis of the ground truth validations
for that year. Both the 2006 and 2011 Earth Images were mosaics from the company
Maxar (between 2 and 5 m resolution from their website) and images from the satellite
Landsat 5 (30 m). Each of the years had a high overall accuracy (96% for 1991, 99% for
2006, and 97 for 2011) and a high kappa coefficient (95% for 1991, 98% for 2006, and
94 for 2011). The lowest user accuracy was Grassland for 1991 and Bare Earth for
2006 and 2011. The reason Grassland might have been misclassified the most for the
1991 LULC is due to only having a 30 m resolution satellite image as a reference to
conduct ground truthing.

From these 3 LULCs, the Land Change Modeler of TerrSet was used to predict future
change of land cover for the study area. The 1991 and 2006 LULCs were the two inputs
for Land Change Modeler from which TerrSet ran a change analysis of the gains and
losses of the classes by pixel for the two time periods as well as of spatial trends of change.
These will be further discussed in the Results section. Since twenty transitions can occur
between the five classes, only transitions of 5000 pixels or greater were used for this study.

3¥Priit Ulmas and Innar Liiv, ‘Segmentation of Satellite Imagery Using U-Net Models for Land Cover Clas-
sification’, ArXiv:2003.02,899 [Cs], March 5, 2020, http://arxiv.org/abs/2003.02899.

39 Asmala Ahmad and Shaun Quegan, ‘Analysis of Maximum Likelihood Classification on Multispectral Data’,
nd., 12.
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This high threshold for transition area was used since it only allowed for one transition to
occur which was Grassland to Buildings or Roads. If a lower threshold were used, then the
accuracy for this Land Change Model would be less than 50%. This is further discussed in
the Results section. Five variables in the form of rasters were created to be used for the
MLP AI technique Sub-Model for predicting transitions of the LULC classes and they
were created from the source of the. These five rasters were Elevation Distance from
Roads (created from Street Centre Lines shapefile from the District of North Vancouver),
Slope, Distance from Disturbance, Distance from Urban, and Distance from Rivers. Each
of these variables had a resolution of 30 m. These five variables were used with the
1991 and 2006 LULCs to predict how transitions would occur in this study area by
creating transition potential with MLP. Once this was created, it allowed for the prediction
of land change for future dates with the machine learning tool Markov Chain. For this
study, four dates were created which were 2011, 2100, 2200, and 2300. 2011 was used to
validate the results with the formerly created 2011 LULC whereas the other three were
used to predict what LULC will look like in the future.

Public engagement demonstrating effects of sea level rise

An interactive online web map was created that allows the public to view, interact, and
engage with the 1, 2, 3, and 4 m SLR visualized output data to understand how flooding
will affect their communities, including important local landmarks, sites, and
infrastructure.

For the online interactive map, the same four SLR vectors were used with the ad-
ditional 2021 study area LULC layer that was used using ArcGIS Online. These five
layers were important for public viewing since they demonstrate which areas and land
cover will be affected by SLR. A semi-transparent version of all the layers was used for
this online map to allow the public to observe which areas of the satellite image will be
affected such as their homes and other personal locations. The layer Municipal
Boundaries was also added to the online map to show the extent of the study area. The
provided details should be sufficient for any replicative follow-up research. However, if
need arises, a more detailed step-by-step description of the methods can be accessed from
the bottom of this study’s story map at https:/storymaps.arcgis.com/stories/
d23bec0356544c309cc6cdal 8191444,

Results

Results of the four study levels of SLR

Figure 2 demonstrates the output of the different elevations of SLR from 1 to 4 m with
each level of inundation being darker than the prior level. As can be seen in this map that
visualizes the results of the project, all the layers combined inundate only a small swath of
the study area with 1-2 m SLR flooding mainly beaches. Along the eastern and western
sides of'this map, there is a lack of inundated area due to the rapid elevation from sea level
either because of the presence of cliffs or hills adjacent to beaches. Table 1 below


https://storymaps.arcgis.com/stories/d23bec0356544c309cc6c4a1f8f9f444
https://storymaps.arcgis.com/stories/d23bec0356544c309cc6c4a1f8f9f444
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Sea Level Rise of the North Shore of Vancouver

Ly

Spatial Reference
Name: NAD 1983 UTM Zone 10N

Figure 2. Possible sea level rise (SLR) from | to 4 m in height for the North Shore. The basemap is
a combination from the sources VFPA and Maxer.

Table I. Inundation area and total percentage of each SLR height.

SLR height, m Inundation area in km? Percent of total inundation area [150.06 km?], %
| 0.78 5
2 1.09 7
3 2.93 2.0
4 6.39 43

demonstrates how much of the area and the percentage of total area inundated at different
heights of SLR.

Unlike the first two SLR levels, 3 m SLR inundates large swaths of land that are not
beaches, mostly flooding Ambleside Park in West Vancouver as well as many commercial
and residential sites located along Burrard Inlet. There are also small pockets of residential
areas along the coast of all three districts that become inundated.

3 to 4 m increase of sea level has the greatest difference in increased area of inundation.
Whereas less than 3 m SLR started to inundate areas other than beaches, at less than
4 m SLR most of these same areas would become completely inundated. This is the case
for the North Shore Auto Mall as well as the surrounding light industrial area. Inter-
estingly, a large portion of the area that is inundated in this level is closer to the water than
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the previous level, specifically regions that are near the two Narrows. This is most likely
due to the raised platforms used for shipping having a higher height than the regions
directly inland. There are still numerous areas that would become islands if inundation
occurred at this level many of which are either railroad lines or large piles of resources
such as sulphur.

Comparison of the study data to readily available online map

Figure 3 (left) is sourced from CoastalDEM, a free worldwide Interactive Sea Level Rise
map created by Climate Central.** Based on search results, this is one of the most widely
used public maps for observing SLR globally. The horizontal accuracy for this online map
for locations outside the United States (not including Alaska) is above 30 m. Specifically
for the North Shore of Vancouver, the online map has a horizontal resolution close to 30 m
throughout. CoastalDEM uses the same bathtub approach with hydrologic connectivity as
this study. Compared to the 4 m that was created in this study, CoastalDEM 4 m SLR
seems to overpredict areas. This seems to especially be the case for areas considered to be
islands in this study’s data. In contrast to the results of this study, CoastalDEM predicts
these islands as being inundated such as the surrounding regions. An explanation of this
would be the difference in horizontal resolution between the two models. Since
CoastalDEM has a pixel resolution close to thirty times larger than the model that was
created for this study, areas that are distinctly either inundated or not included in this study
model would be considered mixed in CoastalDEM and therefore inundated. This
demonstrates the importance of having the highest horizontal accuracy for SLR since the
lower the accuracy, the greater the tendency to overpredict flooding. The image of
Figure 2 is an example of the perceived overprediction and underprediction of the
CoastalDEM model which predicts the whole south side to be underwater at 4 m SLR and
almost none of the north side inundated, and further stresses upon making SLR geo-
visualisation more realistic and informative for communities. By contrast, the right image
of Figure 3 which is the model created in this study predicts that the raised rail lines will
not be flooded, whereas surrounding regions will be. The results of the regions inundated
on the coast at 1, 2, 3, and 4 m SLR do not show a consistent increase of the areas flooded
but demonstrate that with each metre of SLR the percentage of total area inundated steeply
increases.

Results of 2021 LULC

10N area (refers to the specific zone of Vancouver within the Universal Transverse
Mercator (UTM) system that divides the Earth into grid-based zones) was downloaded
from the Esri Living Atlas. Masks were used on this Esri LULC that comprised each SLR
layer from 1 to 4 m as well as the created Coastline for the whole study area. There were

4OClimate Central | Land below 4.0 Meters of Water’, accessed July 4, 2023, https://coastal.climatecentral.org/
map/12/-123.0934/49.3563/?theme=water_level&map_type=water level above mhhw&basemap=roadmap&
contiguous=true&elevation_model=best_available&refresh=true&water level=4.0&water unit=m.


https://coastal.climatecentral.org/map/12/-123.0934/49.3563/?theme=water_level&map_type=water_level_above_mhhw&basemap=roadmap&contiguous=true&elevation_model=best_available&refresh=true&water_level=4.0&water_unit=m
https://coastal.climatecentral.org/map/12/-123.0934/49.3563/?theme=water_level&map_type=water_level_above_mhhw&basemap=roadmap&contiguous=true&elevation_model=best_available&refresh=true&water_level=4.0&water_unit=m
https://coastal.climatecentral.org/map/12/-123.0934/49.3563/?theme=water_level&map_type=water_level_above_mhhw&basemap=roadmap&contiguous=true&elevation_model=best_available&refresh=true&water_level=4.0&water_unit=m
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Comparison between Interactive Maps
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Figure 3. Comparison between interactive maps of CoastalDEM and the map of study area
contrasting the predicted 4 m SLR (red) in the same area. Left is a picture from the Coastal DEM
online map (basemap by Earth Engine). Right is an example of the same location from this study
(basemap by Esri Community Maps Contributors, District of North Vancouver, Esri Canada, Esri,
HERE, Garmin, SafeGraph, GeoTechnologies, Inc, METI/NASA, USGS, EPA, NPS, US Census
Bureau, USDA, NRCan, and Parks Canada).

five different LULC classes: Water, Trees, Grassland (which Esri names ‘Rangeland’, but
for this study was termed ‘Grassland’ since almost all these areas are either large grass
areas of parks or golf courses), Bare Earth, and Built Areas. Each of these classifications
are self-explanatory besides Built Areas, which includes single houses, apartments,
industrial, and commercial areas.

Table 2 demonstrates the LULC (Figure 4) classes for each metre of SLR. For 1 m
SLR, the two most numerous classes were Built Areas and Water. Even though a mask
was used of a high tide coastline, there were still some pixels for LULC that were Water
from the surrounding saltwater bodies of the Burrard Inlet, Howe Sound, and Indian Arm.
This is likely due to mixed pixels that were Water and another class. Moreover, instead of
the resolution being 1 m like the DEM that was used, the LULC used was 10 m. These
Water class pixels seemed also to be the mouths of rivers and streams. For 1 m SLR, there
were barely any pixels that were the classes Grassland, Bare Earth, or Trees. With each of
these levels of SLR, the pixel percentage of the class increased with the exception of
Water. This is due to the possibility that most of the pixels that were classified as Water
were the coastline or river mouth pixels that were already calculated in 1 m SLR. There
was only an increase of less than 300 pixels of water from 1 to 2 m SLR, which is the third
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Table 2. Number and percentage of 10 m resolution pixels per LULC class for each SLR height.

SLR Water Trees Built areas Bare earth  Grassland No data
I m 3728 at 203 at 2.61% 3553 at 235 at 57 at 0.73%
47.94% 45.71% 3.02%
2m 4039 at 735 at 6.76% 5544 at 326 at 235 at 2.16%
37.13% 50.96% 3.00%
3m 4390 at 2827 at 9.64% 1079 at 436 at 596 at 2.03%
14.97% 71.19% 1.49%
4 m 4573 at 5224 at 8.18% 52868 at 574 at 607 at 0.95%
7.16% 82.81% 0.90%
Study 17818 at 71966 at 74101 at 6211 at 15866 at 9 at
area 1.19% 47.96% 49.38% 0.41% 1.06% <0.01%

lowest. Even though the least was less than 100 pixels with the class Bare Earth, the
increase for this class was over 0.2%. Also, there was even more of a case for the class
Grassland which increased by 1.5%. This is the opposite for Water where the class
decreased by over 10% for this level of SLR. The main increase in 2 m SLR was Built
Areas where over 50% of the LULC was this class. Just like 2 m SLR, 3 m SLR has similar
classification of pixel change. Built Areas increased in this level of SLR by almost
16,000 pixels or an increase of over 20% which was 71.19% of all pixels being part of this
class. Besides the percentage of Water decreasing, the percentage of Grassland also
decreased for this level of SLR compared to 2 m SLR. Most of the new area that would be
inundated from 3 to 4 m of SLR would be Built Areas. Pixels that were classified as Built
Areas were 82.81% of the total area that will be inundated if 4 m SLR occurred in this
study area. Other than the Built Areas, each of the other classes decreased in overall
percentage with both Grassland and Water decreasing by over half in their overall
percentage compared to 3 m SLR. Moreover, for the first time, there were more pixels
classified as Trees than ones classified as Water. When compared to the whole study area,
there was significantly more of the class Trees compared to the areas that would be
inundated. This is due to this class being mainly found at very high elevation since these
regions are usually part of one of the three major mountains found in the study area.

Results from future LULC in inundated areas

LULC is an important part of SLR based studies because it demonstrates what types of
areas will be affected by inundation.*! Artificial intelligence (AI) techniques like deep
learning have been used in analysing remote sensing data at a rapidly increasing rate. The
techniques that have been created using deep learning algorithms have improved the

“IErika E. Lentz, Nathaniel G. Plant, and E. Robert Thieler, ‘Relationships between Regional Coastal Land
Cover Distributions and Elevation Reveal Data Uncertainty in a Sea-Level Rise Impacts Model’, Earth Surface
Dynamics 7, no. 2 (May 15, 2019): 429-38, https://doi.org/10.5194/esurf-7-429-2019; Rwanga and Ndambuki,
‘Accuracy Assessment of Land Use/Land Cover Classification Using Remote Sensing and GIS’.
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Figure 4. 2021 LULC with inundated areas highlighted of the North Shore of Vancouver. A semi-
transparent LULC of the whole study area has been placed on top of the basemap (VFPA and
Maxar) to accentuate the differences.

ability to categorize remote sensing images.** These general systems use a deep learning
convolutional neural network (CNN) approach which is the main method used in Al-
based visual systems for many tasks including segmentation and identification.** Land
cover change is the loss of natural areas, usually forests, grasslands, and other natural
environments to urban development.** The Al technique called Multi-Layer Perceptron
(MLP) is used by Land Change Modeler to predict these future changes. MLP itself is a
feedforward artificial neural network (ANN) which is a group of algorithms that try to
identify relationships in particular data sets by a process that mimics the workings of the
human brain.** Markov chain (MC) techniques, used to find the probability of change, is a

“’Manuel Campos-Taberner, Francisco Javier Garcia-Haro, Beatriz Martinez, Emma Izquierdo-Verdiguier,
Clement Atzberger, Gustau Camps-Valls, and Maria Amparo Gilabert, ‘Understanding Deep Learning in Land
Use Classification Based on Sentinel-2 Time Series’, Scientific Reports 10, no. 1 (October 14, 2020): 17188,
https://doi.org/10.1038/s41598-020-74215-5.

“Jonathan V. Solérzano, Jean Frangois Mas, Yan Gao, and José Alberto Gallardo-Cruz, ‘Land Use Land Cover
Classification with U-Net: Advantages of Combining Sentinel-1 and Sentinel-2 Imagery’, Remote Sensing 13,
no. 18 (January 2021): 3600, https://doi.org/10.3390/rs13183600.

“Denis Mihailescu and Sorin Cimpeanu, ‘MULTI-TEMPORAL ANALYSIS OF LAND COVER CHANGES
IN OLTENIA PLAIN, USING TERRSET LAND CHANGE MODELER’, May 20, 2020.

“Maria Teresa Camacho Olmedo et al., ‘Geomatic Approaches for Modeling Land Change Scenarios. An
Introduction’, 2018, 1-8, https://doi.org/10.1007/978-3-319-60801-3 1.
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simple model that in LULC predicts the change over time by using past trends to predict
future ones.*® TerrSet’s Land Change Modeler uses a combination of MLP and MC to
quantify spatiotemporal change; MLP models the transitions whereas MC models the
future predictions.*’

Since there is a likelihood of there being a change in the LULCs of the study area if
SLR occurs, a Land Change Model was created to predict what the LULC would be in
2100 (Figure 7), 2200 (Figure 8), and 2300 (Figure 9). These three dates were used
because the City of Vancouver predicts that around 2100 there will be between 1.0 and
1.4 m rise, and in approximately 2200, there will be 2 m rise. The date 2300 was used
since the IPCC predicts that RCP of 8.5 would be between 1.67 and 5.61 m around
2300.*

To predict future changes, three past LULCs were created from their satellite images
(1991, 2006, and 2011) since two maps were needed to compare differences and the last
map was used to validate the TerrSet AI Change Model.* This AT Change Model allows
users to train machine learning models by using time-series satellite imagery. The
1991 LULC that was created with MAXLIKE with Landsat 5 bands of 234 was masked
with the shapefile Coastline to have the same area as that of the study area (150 km?).
Trees had the largest area of 72 km? which is almost the same as the 2021 LULC that was
created by Esri. On the other hand, the Waterbodies class had a much smaller area in the
1991 map compared to the 2021 LULC. This is probably due to the following two
reasons. The first is that the 2021 LULC used Sentinel-2 images with a resolution of 10 m
whereas the 1991 LULC had a resolution of 30 m; rivers and other waterbodies which are
quite narrow would be more likely to be identified for the 2021 LULC. Secondly, some of
the surface that was in the study area was classified as sea water in the 2021 LULC
whereas none was for the 1991 LULC, probably demonstrating different tidal levels
between the two LULCs. Moreover, Grassland and Buildings are quite different com-
pared to 2021 LULC with Grassland being 20 km? (compared to 1.5 km? in 2021) and
Buildings being 55 km?* (compared to 74 km? in 2021). Once more there are perceived to
be two major differences between these two LULCs for these classes. Since there was a
great deal of development in the study area during the last 30 years, it makes sense that the
Buildings class would be much lower in 1991 compared to 2021. Moreover, it seems that
most of the area that is part of the class Grassland in 2021 is either golf courses or parks

46Rediet Girma, Christine Fiirst, and Awdenegest Moges, ‘Land Use Land Cover Change Modeling by Inte-
grating Artificial Neural Network with Cellular Automata-Markov Chain Model in Gidabo River Basin, Main
Ethiopian Rift’, Environmental Challenges 6 (January 1, 2022): 100419, https://doi.org/10.1016/
j.envc.2021.100419; L. Shen et al., ‘Multi-Layer Perceptron Neural Network and Markov Chain Based Ge-
ospatial Analysis of Land Use and Land Cover Change’, Journal of Environmental Informatics Letters, January
1, 2020, https://doi.org/10.3808/jeil.202000023.

“TShen et al., ‘Multi-Layer Perceptron Neural Network and Markov Chain Based Geospatial Analysis of Land
Use and Land Cover Change’.

“Horton et al., ‘Estimating Global Mean Sea-Level Rise and Its Uncertainties by 2100 and 2300 from an Expert
Survey’.

“9Girma, Fiirst, and Moges, ‘Land Use Land Cover Change Modeling by Integrating Artificial Neural Network
with Cellular Automata-Markov Chain Model in Gidabo River Basin, Main Ethiopian Rift’.
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Table 3. General model information — input variables.

Input variable Name of variable
Independent variable | Elevation

Independent variable 2 Distance from Rivers
Independent variable 3 Distance from Disturbances
Independent variable 4 Distance from Roads
Independent variable 5 Distance from Urban Areas
Independent variable 6 Slope

Training site file 1991-2006_Train_All

whereas the 1991 map also includes residential lawns. This is probably due to the
difference of the type of classification between the two LULCs. Bare Earth is a class that
had hardly any pixels for the area with less than 0.01 km? and this is similar for the
2021 LULC.

The LULC:s for the other 2 years of 2006 and 2011 are quite similar in class distribution
compared to the 1991 LULC. The only major differences are the continued increase of the
class Buildings and the decrease of the class Grassland. The area of the Buildings class
increased from 3 to 58 km? in 2006 and increased another 6 to 64 km? in 2011. On the
other hand, class Grassland decreased by 4 to 16 km? in 2006 and to 11 km? in 2011. The
overall trends of the increase of Building areas and the decrease of Grassland are pre-
dictable since the most likely change would be for vegetation to become buildings due to
urbanization. However, the rapid increase in 5 years of urbanization between 2006 and
2011 is surprising when considering that the rate of change doubled between these two
dates compared to the 15 years between 1991 and 2006. There are a few reasons that this
rapid urbanization could have occurred between these dates. Firstly, there was rapid
development in this location between these periods for the 2010 Winter Olympic Games
including the expansion of the North Shore Highway connecting Vancouver to the
Whistler ski resort. Moreover, this region has undergone densification with single house
properties being replaced by condominiums or apartments creating less of an area for
lawns and gardens. Lastly, there were many recent cut-blocks into forested higher ele-
vations in the study area in 1991 classified as Grassland which in the following years were
classified as Trees.

From the 1991 and 2006 LULCs and the six structure variables, a transition sub-model
(Table 3) was created using MLP. Before creating the sub-model, a change map was
created which ignored any transitions that were less than 5000 cells. The only transition
that fulfilled this requirement was the Grassland to Buildings or Roads. The reason that
such a high-level of cells was used is that the MLP transition sub-models created would
have an accuracy of less than 50% if transitions of less than 5000 cells were used.

The MLP that was created ran through 6014 samples per class and the overall accuracy
of this module was 67.60%. The overall skill measure was 0.3520 whereas the transition:
Grassland to Buildings or Roads had a skill measurement of 0.4952, and persistence:
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Table 4. General model information — parameters and performance.

Parameters and performance Measurements
Input layer neurons 6
Hidden layer neurons 7
Output layer neurons 2
Requested samples per class 6014

Final learning rate 0.0005
Momentum factor 0.5
Sigmoid constant |
Acceptable RMS 0.01
Iterations 10,000
Training RMS 0.4536
Testing RMS 0.4565
Accuracy rate 67.60%
Skill measure 0.3520

Grassland had a measurement of 0.2087. The tabulated results are shown in Tables 4
and 5.

Out of all the variables, the most influential one in this model is Distance from Roads
(Table 6 and Figure 5). The overall accuracy of the model decreased by over 6% when it
was removed. By itself, it had an accuracy of 63.52% which was almost 7% higher than
the next highest. On the other hand, Distance from Rivers was the least influential since,
when it was changed to a constant, the overall accuracy only dropped by less than a
percentage. When it was used as the sole variable, the module had an accuracy of 48.67%
(Table 7 and Figure 6). Distance from Disturbance had the lowest accuracy when it was
used as the only variable, but when it was turned into a constant, it was the third most
influential variable. The difference between these two accuracy percentages could be due
to Distance from Disturbance relying on other variables to function well. The other
variables’ percentages of accuracy had a similar mid-level ranking when changed to a
constant and when being the sole variable.

From this MLP, a prediction LULC can be made. The first prediction created was of
2011 because this allows for the past mapped LULC of the same year to be used to
validate the MLP model result. The validation that was created showed three different
outcomes: hits, misses, and false alarms. Hits indicates that the MC predicts correctly that
the cell will change; misses shows that the MC did not predict the LULC would change
although a transition did occur; and, false alarms indicates that MC predicted a transition
that did not occur. In general, there were not many hits that occurred throughout the
predicted map vs the actual LULC map. This is probably due to there being only one
transition being tested, whereas there were many actual different transitions occurring
during this time period. However, when a lower accuracy model was created with six
transitions, there were still only a few more hits. The largest number of false alarms
occurred when a transition was predicted to go from Grassland to Building but stayed at
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Table 5. Model breakdown for transition and persistence.

Class Skill measure
Transition: Grassland to Buildings or Roads 0.4952
Persistence: Grassland 0.2087

Table 6. Forcing a single independent variable to be a constant.

Model Accuracy (%) Skill measure Influence order
With all variables 67.60 0.3520 N/A

Var. | constant 64.87 0.2974 2

Var. 2 constant 66.73 0.3347 6 (least influential)
Var. 3 constant 65.35 0.3071 3

Var. 4 constant 61.14 0.2229 I (most influential)
Var. 5 constant 66.68 0.3337 5

Var. 6 constant 66.05 0.3210 4

Variation in model skill forcing a single independent variable to be constant

With all variables
Var. 1 constant -
Var. 2 constant
Var. 3 constant -
Var. 4 constant
Var. 5 constant

Var. 6 constant -

T T T T T T T T T 4
0.000 0.035 0.070 0.106 0.141 0176 0211 0246 0282 0317 0352

Figure 5. Graph demonstrating importance of single variable when made into a constant (smallest
number most influential).

Grassland. These occurred around parks and golf courses where it would not make sense
for an expansion to occur. There were two transitions that accounted for most of the
misses in this model. One transition was Trees that were predicted to persist as that class
but instead turned to Buildings; the other was Grassland that was also predicted to stay as
Grassland but instead turned to Buildings. There were more misses of the latter. In
general, the model is not complex enough to understand building permits, densification,
or expansion of highways. Therefore, even if this model had a higher accuracy rate with
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Table 7. Forcing all variables but one to be a constant.

Model Accuracy (%) Skill measure
With all variables 67.60 0.3520
All constant but var. | 52.86 0.0572
All constant but var. 2 48.67 —0.0266
All constant but var. 3 48.94 —-0.0213
All constant but var. 4 63.52 0.2705
All constant but var. 5 53.93 0.0785
All constant but var. 6 56.05 0.1211

Variation in model skill forcing all independent variables except one to be constant

With all variables i
All constant butvar. 1
All constant butvar. 2

All constant butvar. 3

All constant but var. 4 )

All constant butvar. 5 l I

All constant butvar. 6 J

L4
0.000 0.035 0.070 0.106 0.141 0.176 0211 0246 0282 0317 0.352

Figure 6. Graph demonstrating if only one variable is used.

more transitions, there still would be many pixels that would either be false alarms or
misses due to the complexity of the study area.

The 2100 LULC (Figure 7), 2200 LULC (Figure 8) and 2300 LULC (Figure 9) rasters
were calculated in TerrSet’s Land Change Modeler. These LULCs for the North Shore are
used to compare what the predicted land change will be when the SLR rises to a certain height
based on the results of the MLP-MC (Table 8). When these three LULCs are compared with
the current LULC that Esri created for 2021, a one-to-one comparison cannot be used since
Esri used Sentinel-2 bands (10 m resolution) whereas the data that was created in TerrSet used
Landsat-5 bands (30 m resolution). When a mask of the areas that will be inundated is used,
the pixels defer between the 2021 LULC and the future predicted LULCs in areas with 1 and
2 m SLR showing a larger area with the 2021 LULC. By contrast, 4 m SLR has a larger area
with the predicted 2300 LULC. Moreover, these two LULC types use different classifications
for each type of land cover, where beaches considered to be Water in the Esri LULC are
Buildings or Roads in the TerraSet LULCs. This heavily impacts the 1 m SLR since the
2100 predicted LULC has 0% of pixels as part of the Waterbodies classification and 97% as
part of the Buildings or Roads Classification; the 2021 LULC has 47.94% of pixels as the
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Figure 7. Predicted 2100 LULC with | m SLR highlighted in the study area. A semi-transparent
LULC has been placed on top of the basemap (VFPA and Maxar).

Water class and 48.71% as Built Areas. However, even with beach area as a large part of the
1 m SLR, over the more than 275 years of predicted SLR for 4 m to occur, there will not be a
large increase in the class Buildings or Roads, most of which in the study area will not be
inundated due to the rapid increase of elevation away from the coastline. For example, when
the area of 4 m SLR is used to compare the number of pixels that are part of the class Buildings
or Roads between the two LULCs 0f 2100 and 2300, there only were 12 more pixels that were
classified as Buildings or Roads in the 2300 LULC compared to the 2100 LULC. This
demonstrates there is not a large increase of predicted built area in this inundated zone.
Even though this LULC land change process had a high accuracy rate, the validation
between LULC prediction and actual LULC displayed numerous misses. This might be due to
the unusual land use situation of the North Shore of Vancouver where both its unusual to-
pography and population growth produce quite an unpredictable land use direction. This region,
surrounded by coastal waters and steep mountains with minimal suburban sprawl, has several
golf courses and numerous parks that probably will not transition into buildings. While it has
some residential growth up the sides of the three mountains, this is quite limited. Instead, the
region mainly develops in its densely populated urban areas by replacing single-family houses
with condominiums and apartments. All these factors make it difficult to predict future land use.
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Figure 8. Predicted 2200 LULC with 2 m SLR highlighted in the study area. A semi-transparent
LULC has been placed on top of the basemap (VFPA and Maxar).

Results from online map

A layer for buildings of the study area was created so that a 3D visualization would not
only include the DTM and SLR layers, but also individual buildings affected by in-
undation. Ships were sometimes mistaken for buildings, this error did not affect the final
product since the current study area is land-based, only analysing buildings that would
directly be affected by flooding. This included areas that barely touched any part of the
4 m inundation zones. Although overall 1000 polygons were created, some of these
polygons were parts of one building. In general, the heights of most of the buildings were
between 5 and 20 m with a few apartment buildings being over 40 m. Only several
buildings would be completely inundated if SLR of 4 m does occur. Showing individual
buildings to the public that will be affected by SLR demonstrates the scale of businesses
and homes that will be destroyed in the future due to climate change.

The impacts of inundation due to climate change were created using: 3D Local Scene of
the layers of SLR, the 1 m resolution DTM, buildings that will be partially inundated by SLR
as well as a satellite image of the study area. Each of the SLR layers and buildings were
extruded to show the height of inundation that could occur and how it will affect the buildings
situated in this zone. Besides the online maps this 3D visualization allows the public to view
major hotspots for flooding by using the interactive map to focus on specific areas.

Popups of important locations were created on the online map (Figure 10) for this study
to demonstrate to the public the number of important features or sites that will be affected
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Figure 9. Predicted 2300 LULC with 4 m SLR highlighted in the study area. A semi-transparent
LULC has been placed on top of the basemap (VFPA and Maxar).

Table 8. Number and percentage of 30 m resolution pixels per predicted future LULC class for
each SLR height.

SLR (year)  Water Trees Buildings or Roads  Bare Earth Grassland

I m(2100) 0 at 0% 2at 041% 473 at 97.12% 3 at 0.62% 9 at 1.85%

2 m (2200) 0 at 0% 19 at 2.50% 669 at 88.14% 5 at 0.66% 66 at 8.70%
4 m (2300) 19 at 0.30% 423 at 6.58% 5543 at 86.23% 135at 2.10% 308 at 4.79%

by SLR. Nine popups were created which include a nature reserve, a ferry port, inter-
national shipping ports, as well as one of the largest shopping malls in Canada. Other than
Horseshoe Bay which houses the ferry port and town in the far western section of this
region, all of the other popups are part of the two southern areas of the Narrows that will be
severely affected by SLR. Seven of the major features will be only partially or fully
inundated at 4 m SLR whereas Ambleside Park will be fully flooded at 3 m SLR. Even
though most of the flooding will occur in Horseshoe Bay at 2 m SLR, only a small portion
will be inundated mostly on the west coast, not significantly affecting the ferry terminals.
The interactive map popups which include a non-copyrighted image, a text description
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Figure 10. Section of the interactive map (basemap is from VFPA) showing part of the First
Narrows with a popup of Pembina Canada Terminals being open. The interactive map is https://
storymaps.arcgis.com/stories/d23bec0356544c309cc6c4a | 18f9f444.

and a link to the respective websites demonstrate to the public well known or important
local environmental or economic locations that will be inundated due to SLR. Raising
awareness by showing to the public future locations at risk of inundation can create a
personal reaction to the impacts of climate change.’® This interactive map was then turned
into an Esri Story Map. The link to the Story Map is: https://storymaps.arcgis.com/stories/
d23bec0356544c309ccoc4al f819f444. Besides the addition of this map, a 3D flyover
video, a small blurb of the location as well as a description of the data in the interactive
map was included.

Discussion

Using the results of the data, a more precise, publicly accessible interactive online map
was successfully created that allows the public to explore the impact of SLR due to
climate change with its direct impact to key well-known places of the North Shore of
Vancouver, Canada. Retchless discussed how these devastating SLR predictions are
difficult for the public to fully understand and noted the importance of visualizing which
local areas will be inundated since the height of several metres is difficult for the public to
conceptualize.’’ Through the interactive online map that was created, the local population
of the North Shore of Vancouver will be able to observe that most of the inundation that
will occur in this study area is between 3 and 4 m SLR. Moreover, through present and

S0Retchless, ‘Understanding Local Sea Level Rise Risk Perceptions and the Power of Maps to Change Them’.
51
Retchless.
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predicted future LULCs, most of the areas that will be inundated will affect built areas
such as infrastructure, roads, buildings, and or other unnatural areas. Through using deep
learning to find the building footprint of the region, this study found that hundreds of
buildings will be affected due to the predicted inundation, but this mainly occurs at over
2 m SLR.

The SLR study by Malik and Abdalla in the nearby municipality of Richmond has a
similar scope to this paper.”? Both of these studies created data from high-resolution
DEMs, used a modified process of bathtub model, and discussed which areas would be
inundated. Moreover, like many other studies throughout coastal regions,’* ours and the
Richmond study use these long-range time periods of SLR to demonstrate the devastating
long-term changes (1 to 4 m SLR). However, the main area where these studies differ is
that Malik and Abdalla’s study divides areas by neighbourhoods whereas this paper
divides areas by LULC areas. Many studies use LULCs instead of neighbourhoods since
these regions would change or redistrict over time.>* Throughout the years, the definition
of high-resolution DEMs is changing even when describing ones created with LiDAR.
Over the 2010s, papers that describe projects using high resolution such as the Richmond
study and one by Sirianni et al. used resolutions of 5 and 3 m.”> Over the 2020s, due to the
belief that ideal SLR models require fine increments (<=1 m) of data,’® more studies have
used LiDAR DEMs of fine increments such as this study (<=1 m) and others.”’

Even though results of this data indicate that most of the study area does not inundate
until 3 m SLR, the municipalities of the study area will be in a dire situation in the future
without actions taken to mitigate climate change globally. This is due to the number of
important industries that would be partially or fully inundated if 4 m SLR occurs in this
region. Besides the two shipping terminals in this study area that were used as popups in
the Story Map, there are several other terminals that comprise the Port of Vancouver
which will be fully flood. Moreover, these terminals in the North Shore that transport
mostly raw resources such as petroleum coke and sulphur would pollute Burrard Inlet as is
also the case for the waste of the North Shore Waste and Recycling Centre. Even if all
these resources and waste were moved, there still would trace amounts of substances to
pollute the inlet and surrounding waterways. Other than its rail line, the G3 Terminal will

>2Malik and Abdalla, ‘Geospatial Modeling of the Impact of Sea Level Rise on Coastal Communities’.

33 Deiana et al., ‘MIS 5.5 Highstand and Future Sea Level Flooding at 2100 and 2300 in Tectonically Stable Areas
of Central Mediterranean Sea’; D. Susiloningtyas, ‘Dynamic System Model of Land Use Affected by Sea Level
Rise in the Coastal Area of Bengkulu City, Indonesia’.

34Girma, Fiirst, and Moges, ‘Land Use Land Cover Change Modeling by Integrating Artificial Neural Network
with Cellular Automata-Markov Chain Model in Gidabo River Basin, Main Ethiopian Rift’; Lentz, Plant, and
Thieler, ‘Relationships between Regional Coastal Land Cover Distributions and Elevation Reveal Data Un-
certainty in a Sea-Level Rise Impacts Model’; Mani Murali and Dinesh Kumar, ‘Implications of Sea Level Rise
Scenarios on Land Use/Land Cover Classes of the Coastal Zones of Cochin, India’.

35Sirianni et al., ‘Assessing Vulnerability Due to Sea-Level Rise in Maui, Hawai‘i Using LIDAR Remote
Sensing and GIS’.

%6Gesch, ‘Best Practices for Elevation-Based Assessments of Sea-Level Rise and Coastal Flooding Exposure’.
TBreili et al., ‘High-Accuracy Coastal Flood Mapping for Norway Using Lidar Data’; Leal-Alves et al., ‘Digital
Elevation Model Generation Using UAV-SfM Photogrammetry Techniques to Map Sea-Level Rise Scenarios at
Cassino Beach, Brazil’.
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be fully flooded at 4 m. This terminal exports most of Canada’s grain, not transported to
the United States, to Asia, and the rest of the world. If this area were flooded, it will not
only cause severe economic repercussions to the North Shore but also to the rest of
Canada. In addition, most of the rail lines which are close to the coast are used by freight
trains to transport grain and resources to the terminals. These lines could be moved to
higher elevation as a precaution, but they would still have to be connected somehow to the
Port of Vancouver. Even though most of the industrial and economic transportation will be
affected by 3 and 4 m SLR in this region, this is not the case for road transportation since
the two bridges as well as the major highway of this region would not be significantly
inundated.

It is also important to discuss our results in light of the key coastal geovisualisation studies.
As the first such perspective article on SLR-related geovisualisation, Retchless offered some
useful insights on employing effective research communication through risk-based interactive
geovisualisation technologies as productive usability of online,>® participatory technologies
that promote citizen engagement in science. Risk Finder tool (https://sealevel.climatecentral.
org/about/) launched in 2013 by non-profit climate communication and research group
Climate Central is the most noticeable initiative on enabling SLR geovisualisation for USA
coastal communities using high-resolution LiDAR datasets. Similar LiDAR-based geo-
visualisation was lacking for our study area, which we have achieved through this work.
Newell and Canessa came up with a place-based concept on developing geovisualisations for
coastal planning, as they rightly acknowledged how different user groups relate to coastal
environments as ‘places’ of values and meanings, rather than simply ‘spaces’ which a
traditional spatial analysis in GIS focusses at.>® This concept of ‘places’ receives relevance if
the study is performed at a local or regional scale, an approach that we have adopted in our
work. Wherever possible, we have discussed our results in terms of local areas and buildings
of relevance, offering a context to the local user groups of our interactive map. In Canadian
context, Minano et al. developed a Geoweb tool called AdaptNS for supporting local climate
change adaptation efforts in coastal communities of Nova Scotia.* AdaptNS as a web-based
geovisualization tool displays interactive inundation maps generated using LiDAR data, local
climate change projections of SLR, and storm surge impacts between the years 2000 and
2100.°" In our paper, we have added similar geovisualisation for another long Canadian
coastline and the usability of LIDAR data for making the geovisualisation reliable and ef-
fective was displayed.

Conclusion

The aim of this study is to produce an interactive online map that is not only accessible to
the public but also allows them to interact with the newest high-resolution data and

*¥Retchless, ‘Understanding Local Sea Level Rise Risk Perceptions and the Power of Maps to Change Them’.
5Newell, Canessa, and Sharma, ‘Visualizing Our Options for Coastal Places’.

%*Minano, Johnson, and Wandel, ‘Visualizing Flood Risk, Enabling Participation and Supporting Climate
Change Adaptation Using the Geoweb’.

*"Minano, Johnson, and Wandel.
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techniques possible within the scope of this study. Moreover, this project serves as a
proof-of-concept and can be replicated in other vulnerable coastal regions. Besides the
interactive online map, 3D visualizations of 1, 2, 3, and 4 m SLR layers and a newly
created 3D extruded building layer were used to create a 3D flyover animation to also
engage the public. This study effectively meets the three primary objectives described in
the Aims and Objectives section of the Introduction by utilizing an interactive map (3) and
land use data (2) to showcase the impact of sea level rise (1) on the North Shore of
Vancouver. This project demonstrates how 4.3% of the study area in the North Shore of
Vancouver due to SLR could be inundated with major industry, protected areas, and
commercial sites being destroyed. Through the data that was created, the public local
community can observe the extent and severity that might occur if mitigation is not
implemented to curb climate change. The interactive map setup encourages user inter-
action, exploration, and reflection of SLR impacts on their communities.

While this 4.3% SLR inundation will flood a great deal of the coastline of the
North Shore of Vancouver, it should be noted that most of the major flooding that
might occur would disrupt commercial, environmental, and industrial areas only at
3 and 4 m SLR. This level of SLR is some of the worst-case scenarios and will not
likely occur until the end of the 2200s or early 2300s. However, to avoid such
scenarios, mitigation efforts to curb the effects of climate change need to be taken
and not delayed so that such a future is not a reality. On the other hand, climate
change is prompting community initiatives to consider worst-case scenarios. Recent
academic sources indicate unprecedented glacier melting rates, surpassing previous
simulations.®? Given the potential for significant changes in scenarios by 2100, we
have incorporated worse predicted scenarios (until 2300) based on other studies
conducted in the region.®*

Throughout this paper, we have taken steps to provide a detailed and easily un-
derstandable description of methods, so that it becomes easier to reproduce these steps
for other regions, aiding SLR geovisualisation for a wider coastal community. The
next step for us is to work towards effectively combining geo and demographic
datasets to develop risk maps for a wider study area, resulting in a publicly accessible
interactive GIS capable of sourcing local datasets on SLR and social variables (e.g.
demography and property values) and to educate and involve coastal communities
through citizen science initiatives to aid in the development of these steps based on
CoastSnap.®* Another plan is to expand the scope of this study to the rest of Greater
Vancouver to further test the predictions of this high-level resolution data since
regions such as Delta and Richmond are currently predicted to be almost completely

®2Christine L. Batchelor et al., ‘Rapid, Buoyancy-Driven Ice-Sheet Retreat of Hundreds of Metres per Day’,
Nature 617, no. 7959 (May 2023): 105-10, https://doi.org/10.1038/s41586-023-05876-1.

®Malik and Abdalla, ‘Geospatial Modeling of the Impact of Sea Level Rise on Coastal Communities’;
Vancouver, ‘Climate Change and Sea Level Rise’.

**Harley and Kinsela, ‘CoastSnap’.
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inundated at 4 m SLR® and to predict anthropogenic changes that will occur
throughout these regions.
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