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Introduction
The coastline of Maine is composed of beach systems, bedrock ledges, salt marshes, and coastal bluffs.
Coastal bluffs are defined to be steep shorelines that have over three feet of vertical relief above the high
tide line and are made of loose sedimentary material (Miller et al., 2006). They make up 1,400 miles of
Maine’s approximate 5,300 mile coastline and are susceptible to erosion, subjecting a large portion of
Maine’s coast to rapid change. The stability of these shorelines vary; dynamic processes such as gravitational
creep, slumping, wave erosion, and landslides change the morphology of coastal bluffs through time. Kelley
et al. (1989) illustrates the general evolution of a coastal bluff through time in Figure 1. Sufficient erosion of
sediment at the base of a bluff can lead to slumping or a landslide, which in turn stabilizes the shoreline by
the redistribution of sediment (Dickson, 2006).
This natural process of coastal bluff evolution can
pose a threat to coastal properties. It is important
to document these dynamic environments in order
to better understand processes that cause change
through time. Here, the changes along an unstable
coastal bluff in the York Beach Quadrangle on the
Nubble Peninsula are considered through a variety
of techniques including orthophoto analysis, Real
Time Kinematic GPS surveys, and 3D monitoring
through photogrammetry.
Figure 1. Coastal bluff evolution through time (A-D) by Kelley
et al. (1989).
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Study location: York Beach Quadrangle

N

From Dickson, 2006

The southern aspect of the Nubble
Peninsula in the York Beach
Quadrangle is an unstable coastal
bluff (Figure 2) that has been
identified as a landslide risk area
(Dickson, 2006). On the eastern tip of
the Nubble Peninsula no coastal bluff
exists.
Glacial till from the late
Weichselian lies on the Kittery
Formation (Silurian-Ordovician) and
the intrusive Cape Neddick Complex
(Jurassic-Cretaceous). This section of
unstable coastline is made of
approximately 12 meters (m) of
undifferentiated glacial till (sandmatrixed diamicton) that rises above a
cobble shoreline (O’Toole et al.,
1998). This diamicton supplies
sediment to the 2 km Long Sands
Beach just to the south through its
erosion over time.
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Figure 2. Inset of the MGS Coastal Bluff Map of the York Beach quadrangle.
The unstable section, which is classified as a beach/flat, is shown in yellow.
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Orthophotos through time
In particular, a 100 m portion of this unstable coastal bluff has experienced relatively higher rates of
erosion over the past 20 years. Orthophotos between 1998 and 2018 from Google Earth, as shown below,
were compared to document shoreline changes (Figure 3).
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Figure 3. Analysis of orthophotos reveals episodes of erosion on this coastal bluff through time in
the same area (no vegetation).
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Orthophotos through time
The shorelines were digitized (Figure 4) to calculate shoreline change rates as shown on Figure 5. Sections
of this bluff are retreating landward.
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Figure 4. The seaward extent of vegetation was digitized from
orthophotos from 1998 to 2018. Shoreline retreat ranges from 2
to 10 m. Notice that the area of erosion through time has
shifted to the west. Revegetation of older scarps on this bluff is
visible on a 20-year time scale.
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Figure 5. The net shoreline movement (m) from 1998 to
2018 along transects perpendicular to the bluff is
calculated from the digitized vegetation lines. Seaward
movement of the shoreline is positive and symbolized in
green while shoreline retreat is negative and symbolized
in red. In this time frame, the majority of the bluff has
retreated less than 4 m. The site of the most recent bluff
erosion has retreated 10 m or more since 1998.
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Wave induced bluff erosion
The most significant period of recent bluff erosion occurred during the winter of 2018. Elevated water
levels from storm surges during winter storm events in January and March created erosive conditions that
undermined the toe of the bluff and created a vertical bluff face (Figure 6).
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Figure 6. The vertical bluff scarp exposes consolidated sandy diamicton. No significant clay layers that would pose as a
weak layer were identified along this bluff. Elsewhere in Maine (Mere Point, Brunswick and Bunganuc Bluff, Brunswick),
landslides along coastal bluffs were facilitated by sequences of glacial-marine clay, which acts as a persistent weak layer
(Weddle and Berry, 2004; CCSWCD, 2017).
Maine Geological Survey, Department of Agriculture, Conservation & Forestry

6

Monitoring a Coastal Bluff, York, ME

Maine Geological Survey

Wave induced bluff erosion
On March 26th, NOAA took oblique aerial photographs along the coast of Maine to document storm
damage (Figure 7). This erosion placed a house just 5 m from the edge of the bluff.

NOAA/Maine Geological Survey

Figure 7. The eroding coastal bluff on the Nubble Peninsula is shown on the above oblique
aerial photograph. The section of concern is highlighted in red – it is approximately 100 m
long and up to 10 m high. Photo from NOAA Remote Sensing Division.
Maine Geological Survey, Department of Agriculture, Conservation & Forestry
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Wave induced bluff erosion
High water levels create erosive conditions that place coastal bluffs at risk. The highest annual tide during
2018 was predicted to be 1.86 m NAVD88 while the highest observed tide was 2.50 m NAVD88 on January
4 (from the Wells tide gauge, NOAA CO-OPS). Understanding what tidal heights place coastal bluffs at risk
can help anticipate bluff erosion.
In July 2018, the elevation of the base of the scarp was surveyed with a Real Time Kinematic Global
Positioning System (RTK GPS). Figure 8 shows these elevations. The frequency of elevated water levels
depends on the timing of storm surge with the tidal cycle as well as the elevation of mean sea level (MSL).
With sea levels rising at a current rate of 1.85 mm/yr, and with rates expected to increase, erosive
conditions will become more frequent and the shape of Maine’s shoreline will change. More intensive
monitoring methods can be used to gain useful morphological “snapshots” that can be used to document
shoreline change on a local scale.
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Figure 8. Elevations along the toe of the bluff. The orthophoto used here is from 2015.
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3D monitoring by Structure from Motion
Precise spatial monitoring efforts can be used to track changes in landscapes and to better understand
current hazards. Monitoring strategies range from the measurement of sediment from a fixed position (i.e.
a stake driven into the bluff; low cost, small coverage) to remote sensing techniques such as LiDAR (high
cost, large coverage). Within this extent more cost-effective options exist. Structure from Motion (SfM), a
technique that relies on the principles of photogrammetry, is capable of creating a 3D model of a land
surface.
In order to quantify changes to this coastal bluff in the future –
both in volume and position – a 3D model was rendered using
SfM. SfM generates a structure of a scene, object, or landscape
in 3D from a set of 2D images through calculating the motion of
camera positions associated with each image (Ozyesil et al.,
2017). To make a 3D model of an exposed land surface it is
necessary to: 1) take multiple photographs in a converging
pattern (Figure 9), 2) create ground control points (GCPs), and 3)
process the collected photos in an associated computer
application to create a model. The methods outlined in
Shervais’s (2016) Structure from Motion Guide for Instructors
and Investigators provided a framework for an initial SfM survey
of this coastal bluff. Figure 9 illustrates the basic principle behind
this method.

Figure 9. Schematic of Structure from
Motion field methods (Micheletti et al.,
2015). It is important that multiple camera
angles all converge to one feature to create
an accurate 3D model.

Maine Geological Survey, Department of Agriculture, Conservation & Forestry

9

Monitoring a Coastal Bluff, York, ME

Maine Geological Survey

Field methods
The SfM survey was done on August 28, 2018 with mostly sunny conditions. Materials used for the SfM
survey included: five 1 m scale bars, 15 black and white targets, RTK GPS for obtaining GCPs, iPhone SE
with a bluetooth remote shutter, and an extendable pole (up to 6 m) with an iPhone mount. In total 255
photos were taken. The layout of targets, scale bars, and GCPs across the bluff is shown in Figure 10.
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Figure 10. Layout of the scene prior to SfM survey. The position of all targets (labeled T1, T2,
etc.) were surveyed with the RTK GPS where possible. Photos were taken in converging series
across the bluff face at ground level, 2 m, 4 m, and 6 m as well as from close range and from
distance. Note targets, 1 m scale bars, and locations of color squares.
Maine Geological Survey, Department of Agriculture, Conservation & Forestry
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Photo processing and model creation: Step 1
Photos were processed with Agisoft’s PhotoScan Pro software. Workflow in PhotoScan Pro followed the
track outlined in the next 4 steps and Figures 11-14.

Maine Geological Survey

Figure 11. Step one: Manual photo editing and target identification. In the
screenshot above, the edited photo includes numerous targets. PhotoScan is
capable of identifying targets autonomously. Note, targets in photos are not limited
to placed objects or scalebars, they can include distinct natural features as well.
Maine Geological Survey, Department of Agriculture, Conservation & Forestry
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Photo processing and model creation: Step 2
Photos were processed with Agisoft’s PhotoScan Pro software. Workflow in PhotoScan Pro followed the
track outlined in the next 4 steps and Figures 11-14.
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Figure 12. Step two: Sparse point cloud generation and editing. The sparse point
cloud here contains 51,958 points.
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Photo processing and model creation: Step 3
Photos were processed with Agisoft’s PhotoScan Pro software. Workflow in PhotoScan Pro followed the
track outlined in the next 4 steps and Figures 11-14.
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Figure 13. Step three: Dense point cloud generation and editing. 18,782,223 points
are in this point cloud. The point cloud can be exported as it stands for further
analysis with other software applications.
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Photo processing and model creation: Step 4
Photos were processed with Agisoft’s PhotoScan Pro software. Workflow in PhotoScan Pro followed the
track outlined in the next 4 steps and Figures 11-14.

Maine Geologicalinclude
Survey
Figure 14. Step four: TIN model creation and texture addition. Model export options from PhotoScan
.TIFF, .OBJ,
.MTL, and many more. Here, model resolution is lost around the edges and in areas with vegetation. Additionally, model
GCP accuracy varies from point to point and in three dimensions (x,y,z). The RMSE for the GCP model was poor (1.178 m)
due to the error associated with two GCPs. The remaining four GCPs all have a RMSE < 1 m. The error associated with
identified scale bars in the scene was 0.0423 m.
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Interpolation of SfM Point Cloud
For a 2D representation of the 3D model, the dense point cloud can be interpolated in ArcGIS using the
nearest neighbor method with a cell size of 0.5 m (Figure 15). A smaller grid size is not representative of
the actual bluff due to the error associated with the ground control points. The layer on the map above is
the hillshade of the resulting digital elevation model (DEM).

Maine Geological Survey

Figure 15. Hillshade of the 0.5 m DEM. The vertical nature of the bluff face is
shown in black while lighter grey colors indicate a more gentle slope.
Maine Geological Survey, Department of Agriculture, Conservation & Forestry
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Comparison of DEMs through time
Analysis of older LiDAR datasets from the USACE (2010, 2 m cell size) and the Town of York (2017, 0.5 m
cell size) gives a coarser picture of coastal change (Figure 16). Subtracting the 2017 raster from 2010 raster
highlights areas of sediment loss, shown in Figure 16 in areas of red. This kind of analysis identifies large
scale erosional events (greater than LiDAR uncertainty), but can produce results that are not necessarily
consistent with orthophoto comparisons. Shoreline change and sediment loss is put in context through
the consideration of historical hydrographic data. As seen in the following slides, wave heights, water
levels, and storm surges from large storm events account for conditions with irregular frequency that
create episodic shoreline change.

Maine Geological Survey

Figure 16. A cell by cell comparison highlights areas of change in meters from 2010 to 2017. Red areas denote the greatest
loss while blue represents areas of least change. Note, resolution is limited to 2 m and the uncertainty associated with
LiDAR elevations is +/- 0.3 m. Other areas that appear representative of change in this comparison do not display this
same change in orthophotos.
Maine Geological Survey, Department of Agriculture, Conservation & Forestry
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Ocean conditions over the winter of 2018
A network of buoys throughout the Gulf of Maine capture hydrographic conditions continuously. However,
over the winter of 2018, only one buoy (NDBC 44007) was operational (Figure 17a). Figure 17b shows daily
average wave heights from January to March.
On January 4th the average wave height was 1.48 m and the highest water levels of the year were
recorded. Daily average wave heights read 4.62 m on March 3rd while the average for the month as a
whole was 1.69 m. These events created some of the highest water levels and most erosive conditions
along Maine’s coastline for 2018.

Figure 17a. Map of buoy locations in the western
Gulf of Maine. Note, stations B01 and 44030 were
not recording data over this time period. Map from
NOAA National Data Buoy Center (2018).

Figure 17b. Graph of daily average wave heights recorded from
1/1/2018 to 3/31/2018 at station 44007. March was a period of
high wave energy. Graph from NERACOOS (2018).

Maine Geological Survey, Department of Agriculture, Conservation & Forestry
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January 4 – Winter Storm Grayson
The highest water levels of 2018, and highest
recorded since the Wells Tidal Station was
established, were reached on January 4 during Winter
Storm Grayson, with a height of 2.502 m NAVD88
(Figure 18a). This height was, in part, attributable to a
0.855 m storm surge (Figure 18b).

Figure 18a. Graph of predicted and verified tidal
heights for Wells, ME (10.5 miles from coastal bluffs on
the Nubble Peninsula). From NOAA CO-OPS (2018).

Figure 18b. Calculated storm surge from the
Wells Tidal Station from 12/15/17 to
1/14/18. Data from NOAA CO-OPS (2018).
Maine Geological Survey, Department of Agriculture, Conservation & Forestry
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March 2018 Nor’easters and storm surge
Throughout March of 2018, the Wells tide gauges
read almost continuously above its predicted value. A
maximum surge value of 0.942 m was obtained on
March 3rd, while the average for the month was
0.245 m. Figure 19a illustrates this, while Figure 19b
shows the storm surge throughout March.
It is important to understand the frequency of storm
surge events through time, especially in the context of
sea level rise, when evaluating the stability of coastal
bluffs in the future. The following page considers the
history and reoccurrence of recorded high water
levels.
Figure 19a. Wells tidal station predicted and verified
data for March 2018. From NOAA CO-OPS (2018).

Figure 19b. Storm surge heights over
the month of March. Data from NOAA
CO-OPS (2018).
Maine Geological Survey, Department of Agriculture, Conservation & Forestry
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Potential impacts of sea level rise
If sea levels were to increase by 0.10 m the 2.24 m threshold would be overtopped more frequently, as
shown by the data points above the horizontal blue line in Figure 20. This change in water level would
place erosional events at a 10-year recurrence interval as opposed to the current interval of 20 to 60
years. The current sea level rise scenarios for Maine are shown in Figure 21 on the following page.

Figure 20. High water recurrence intervals from 1912 to 2018. Data are from the Portland Tidal Station and converted
from MLLW to NAVD88 with VDATUM and scaled by 0.95 for York Harbor, adding an uncertainty of 11.7 cm. Water levels
greater than 2.24 m NAVD88, similar to those that created the erosional events in 2018, have occurred five times within
the 106-year record of the Portland Tidal Station. Modified from Slovinsky (2018).
Maine Geological Survey, Department of Agriculture, Conservation & Forestry
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Potential impacts of sea level rise

Figure 21. Graph of historic sea level rise (SLR) from 1912 to 2018 in Portland and the projected low, intermediate, and
high SLR scenarios for southern Maine. Curves were derived from Sweet et al. (2017). Even the low scenario of 0.3 m SLR
would increase erosive conditions along Maine’s coastline. Under these conditions, erosive conditions along the coastal
bluff in York would have occurred 82 instead of 5 times in the past 106 years – an increase of 1,540%.
Maine Geological Survey, Department of Agriculture, Conservation & Forestry
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Potential impacts of sea level rise
The potential SLR scenarios for 2100, as shown on the graph on the previous page, are mapped below in
Figure 22. For simplicity, these projections assume a “bathtub” model in which the land surface does not
change as sea level increases. However, the high SLR scenario could change the morphology of the
shoreline through the redistribution of sediment. Intermediate and low SLR scenarios could still change
the shoreline, but to a lesser extent. Furthermore, it is important to note the limitation of simple SLR
projections such as these. Since they are modeled over a static surface (a 2 m DEM), they do not account
for the redistribution of sediment that would occur as sea levels rise. Nevertheless, it still shows that this
coastal bluff will feel the effects of SLR no matter what scenario materializes.

Figure 22. Map of potential sea level rise by 2100 under low, intermediate, and high scenarios.
Maine Geological Survey, Department of Agriculture, Conservation & Forestry
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Conclusions
The erosional history documented in orthophotos and LiDAR datasets form the basis of monitoring
changes. It is important to note that analysis of these datasets do not necessarily yield consistent results –
in some cases along the Cape Neddick Bluff, LiDAR comparisons identify additional areas of erosion that
do not show up in orthophotos. Improvement in LiDAR accuracy and resolution over time will yield more
consistent results. Similarly, the resolution of orthophotos has improved over the past 20 years and this
has led to less uncertainty in the position of bluff vegetation through time. Despite these issues, spatial
analysis with a GIS requires minimum work and can track major changes that indicate whether or not the
bluff has been primarily stable or has experienced erosion over the timespan of data collection.
However, the collection of these various data types does not always coincide with specific erosional
events. To track specific event based changes, other techniques such as Structure from Motion or
terrestrial surveys with an RTK GPS offer suitable alternatives depending on the scope of the work. Going
forward, the most efficient use of time to monitor changes is through terrestrial RTK GPS surveys that
capture the position of the toe of the bluff. They use little time and provide precise positions that highlight
an important metric of coastal change. In contrast to this field-based method, creating a 3D model with
SfM proves to be labor intensive and time consuming. Based upon this work, SfM surveys are most useful
when considering three dimensional changes or when developing a high resolution map for a specific
study area. This method provides information that RTK GPS surveys would fail to capture. Additionally, this
technique would be useful in other areas outside of erosion monitoring. For example, experimental living
shoreline sites along Maine’s coast would benefit from 3D monitoring by quantifying the effectiveness of
sediment retention associated with various techniques.

Maine Geological Survey, Department of Agriculture, Conservation & Forestry
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Conclusions (continued)
The use of all these techniques on the Nubble Peninsula's bluffed coastline in York, Maine demonstrates
each method’s utility and together, they offer a picture of recent changes. It will be interesting to
document the response of this bluff in particular to erosion as sea levels rise. The frequency of high water
levels will increase as sea level increases, driving future erosion rates, and ultimately changing the shape
of this bluffed coastline. The stability of Maine’s coastal bluffs are subject to change with rising sea levels.
Some areas that have been stable throughout the development of Maine’s coastline might be put at risk in
the next 100 years.
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