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Web cameras are transforming coastal environmental monitoring. Improvements in
camera technology and image processing capabilities, paired with decreases in
cost, enable widespread use of camera systems by researchers, managers and first
responders for a growing range of environmental monitoring applications. Applications
are related to transportation and commerce, preparedness, risk reduction and
response, and stewardship of coastal resources. While web cameras are seemingly
ubiquitous, operators often follow unique installation procedures and collect, store,
and process imagery data in various ways. These inconsistencies significantly limit
the ability for imagery data to be shared and utilized across research and operational
disciplines. Similar to the early days of other remote sensing networks like High
Frequency Radar, the benefits and downstream application of coastal imagery data
can be greatly enhanced through centralized data access and standardization of data
collection, analysis and dissemination. The NOAA National Ocean Service Web Camera
Applications Testbed (WebCAT) was launched in 2017 in partnership with SECOORA,
as a public-private partnership to address this coastal ocean observing standardization
need. WebCAT is a pilot project relying on the private sector expertise of Surfline, Inc.,
to install and operate several web cameras capable of meeting the short-term needs of
diverse users including NOAA, USGS, state health agencies, academia and others. The
project aims to determine operational imagery collection, storage, processing, access,
and archival requirements that will foster collaboration across research and operational
user communities. Seven web cameras have been installed at six locations along the
southeast United States coast (from Florida to North Carolina) for purposes including:
counting animals on the beach and migrating right whales, identifying rip currents,
validating wave runup models, and understanding human use of natural resources.
Here we present a review of the state of coastal imagery data and an overview of the
WebCAT project. Goals of an upcoming community workshop will also be presented
along with our vision for how WebCAT can motivate a future sustained operational web
camera network.
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INTRODUCTION

Over the past several decades coastal imagery has become
a proven and invaluable tool for remote sensing of the
coastal environment. Uses for imagery data range from coastal
morphological change, to surf zone hydrodynamics, to beach
attendance and safety, and even to detecting marine debris. Fixed
position cameras for scientific coastal monitoring have been in
use since the 1980s with the Argus systems the most well-known
and utilized (Holman and Stanley, 2007), along with several other
systems and approaches (Pearre and Puleo, 2009; Nieto et al.,
2010; Brignone et al., 2012; Taborda and Silva, 2012). These
systems typically consist of one or more stationary cameras at
well elevated positions with a wide field-of-view, onsite computer
for image processing and file transfer, and a set of algorithms that
use individual pixels or groups of pixels for monitoring coastal
features and processes. Although use of these types of systems
have expanded as cameras have become smaller and more cost
effective, there are challenges preventing widespread installation.
These challenges include difficulties in finding suitable site
infrastructure or an appropriate host; expertise needed for system
installation and data processing; and costs associated with system
installation, operation and maintenance.

Web cameras (sometimes called surfcams or webcams) have
emerged as a potential alternative or complement to coastal
imagery systems established for scientific use. Webcams are
small, stand-alone and relatively inexpensive camera systems,
which may have either remote or onsite data acquisition,
processing, and analysis. A typical webcam installation consists
of a single robotic pan-tilt-zoom camera, which can rotate
to provide the field-of-view range of a multi-camera system.
Webcams are already widely used for a range of activities
including observing surf conditions, news and weather reporting,
beach safety, and monitoring recreational beach use. Due to these
use cases, an extensive network of coastal webcams already exists.
For instance, there are over 500 cams on the Surfline network
alone1. Researchers relied on a similarly extensive network in
Australia to investigate webcam use for wave observations and
shoreline monitoring (Splinter et al., 2011; Mole et al., 2013;
Bracs et al., 2016), and were able to demonstrate acceptable
shoreline monitoring performance. Though researchers in the
United States have begun to install and utilize webcams for
similar research objectives, more standardized use of webcam
infrastructure and resulting downstream imagery products has
yet to be realized.

Here we present the Web Camera Application Testbed
(WebCAT), a public-private partnership to develop a sustained
operational webcam network with standardized imagery
data acquisition and processing for a range of downstream
applications. The testbed relies on the private sector expertise
of Surfline, Inc., to install and operate seven webcams at six
locations along the United States southeast Atlantic and Gulf
coasts (Figure 1), and partners with the National Oceanic and
Atmospheric Administration (NOAA) National Ocean Service
(NOS) and National Weather Service (NWS), the Southeast

1www.surfline.com

FIGURE 1 | The six pilot WebCAT webcam locations (left) and example
snapshots from the webcams in Buxton, NC (top right), St. Augustine Pier, FL
(middle right) and Miami, FL (bottom right). The other webcam locations (not
shown) include North Myrtle Beach, SC, Folly Beach, SC, and Bradenton, FL.

Coastal Ocean Observing Regional Association (SECOORA),
the United States Geological Survey (USGS), and academic and
state partners to store, process, and analyze the imagery data.
The installation locations for the testbed were selected based
on the availability of suitable installation infrastructure and
initial research use cases. The initial use cases identified include:
observations of coastal hazards (e.g., rip currents and wave
runup), identification of both beach and marine fauna (e.g., right
whales), and assessing human use of natural resources, though
potential uses are likely much broader.

This initial pilot project is a proof-of-concept for both the
public-private partnership model and for the standardization
of webcam imagery data acquisition, processing, storage and
delivery. As a model for success, one needs to look no further than
High Frequency (HF) Radar. The HF Radar national network is
a coastal ocean current remote sensing network which initially
started as an academic research endeavor in the 1990s and
now consists of a nationwide operational network of more than
100 radars (Harlan et al., 2010). Users can access near real-
time ocean surface current data via the network in a standard
format for any location across the United States, thus enabling
widespread downstream use of HF Radar data. A similar potential
exists for coastal webcam imagery data; webcams operated by
private industry, academic, federal, regional or local partners
share standardized imagery data with a regional (e.g., SECOORA,
other IOOS regional associations) or federal (NOAA and USGS)
centralized repository. Single site access to standardized coastal
imagery data has the potential to spark innovation beyond
traditional research applications to the realm of widespread
operational use.

This paper will first describe the broad range of applications
that have utilized coastal imagery data. The WebCAT network
and methodology will then be described along with descriptions
of initial applications. Lastly, both near-term (months to
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years) and long-term (years to decades) goals for WebCAT
will be presented.

IMAGERY TO MONITOR THE COASTAL
ENVIRONMENT

Over the past several decades coastal imagery data has been used
for a wide range of research applications. Imagery data related to
hydrodynamics and morphodynamics has been predominantly
acquired and processed via the well-established Argus camera
systems (Holman and Stanley, 2007; Holman and Haller, 2013),
though more recently other camera or webcam systems have
been utilized for coastal monitoring. The uses for coastal
imagery can be broken into categories of coastal morphological
change, hydrodynamics, human impact on coastal resources, and
ecological, environmental and water quality observations.

Coastal Morphological Change
Perhaps the most widespread and studied use of coastal
imagery data is to observe and measure coastal morphological
change. Some initial uses of Argus imagery quantified sandbar
morphology using time-averaged (i.e., time-exposure) imagery
(Lippmann and Holman, 1989; van Enckevort and Ruessink,
2003). As described in Holman and Stanley (2007), averaging
10 min of individual surf zone images captured every 2 Hz
produces an image where bright intensity pixels indicate
waves consistently breaking and denote shallow water, and
dark intensity pixels indicate the absence of breaking waves
and relatively deeper water (Figure 2). Non-moving features
appear as they do in a snapshot. A time series of these time-
exposure images over days to years demonstrates changing surf
zone morphology including the presence of sand bars and rip
current channels.

Imagery data has also been frequently used for the
identification and quantification of shoreline change (Aarninkhof
et al., 2003; Plant et al., 2007; Pearre and Puleo, 2009; Harley
et al., 2014; Pianca et al., 2015; Didier et al., 2017). Typically
this involves utilizing the time-exposure imagery and relying
on image characteristics such as pixel brightness and pixel
color to identify the shoreline position, which can then be
tracked over time.

Measuring surf zone bathymetry is another application
of coastal imagery data that has seen recent advancements.
Beyond the more qualitative assessments enabled by time-
exposure imagery, assimilation of imagery into a numerical
model has produced reasonably accurate estimates of the surf
zone bathymetry (van Dongeren et al., 2008). The algorithm
cBathy (Holman et al., 2013), tracks wave crests in imagery over
time to inversely determine depth from the dispersion relation of
waves in intermediate or shallow water. The approach is accurate
and robust compared to vessel-based surveys during relatively
low wave height conditions (Brodie et al., 2018). Imagery derived
bathymetry has also been assimilated into hydrodynamic models
to predict nearshore circulation and flow features like rip currents
(Wilson et al., 2014).

FIGURE 2 | An example time-exposure (top), time-variance (bottom) and
time-stack (right) imagery from the Miami, FL webcam at 1200 UTC on March
10, 2018. Note the white pixels varying along the beach that indicate where
waves are breaking in the time-exposure image.

Hydrodynamics
Rip currents are a fundamental surf zone circulation feature that
are important to observe due to the hazard posed to swimmers.
Rip currents (or more precisely rip current channels) can be
observed in time-exposure imagery as darker pixels extending
through the region of brighter pixels denoting waves breaking
over a sandbar (Lippmann and Holman, 1989). Rip current
occurrence has been quantified over space and time for different
coastal locations using this approach (Holman et al., 2006; Turner
et al., 2007). Non-stationary or transient rips (i.e., not forced
by the surf zone bathymetry) have been similarly observed by
relying on alongshore variations in the time-variance imagery
(Long and Ozkan-Haller, 2016). Attempts have also been made
to automate the identification of rip currents in time-exposure
imagery (Pitman et al., 2016).

Additional information about surf zone circulation and flow
can be observed by tracking foam on the surface of the water
using imagery time series. For instance, the flow speed of
longshore currents can be measured by tracking the temporal
and alongshore position of foam (Chickadel et al., 2003; Almar
et al., 2016). Though computationally intensive, some progress
has been made on utilizing the two dimensional motion of foam
and other particles through particle image velocimetry (PIV).
This approach has observed both swash (Holland et al., 2001) and
surf zone current velocity fields (Puleo et al., 2003). More recently
a similar approach known as optical flow estimation has observed
flow fields in the surf zone with some skill compared to in situ
observations (Derian and Almar, 2017).

In addition to currents, coastal imagery has been used to
observe wave characteristics. Wave runup, or the time-varying,
shoreward extent of breaking waves at the shoreline, is typically
observed using time-stacks of imagery data (Figure 2; Holman
and Guza, 1984; Holland et al., 1995; Stockdon et al., 2006).
This approach tracks the maximum landward extent of wave
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runup at one alongshore location over time, and can help
explain storm-induced morphological change including beach
and dune erosion and overwash. Progress has also been made
in measuring wave characteristics from surf zone imagery. Wave
period and peak wave direction can be estimated (Herbers and
Guza, 1990; Stockdon and Holman, 2000), but the ability to
measure wave height has been limited, and typically requires
multiple-cameras for stereo imaging (Bechle and Wu, 2011; de
Vries et al., 2011; Shand et al., 2012). Lastly, other hydrodynamic
topics explored via imagery data include observing internal waves
(Suanda et al., 2014) and tracking movement of coastal sea ice
(Druckenmiller et al., 2009).

Human Impact on Coastal Resources
Coastal imagery has also been widely used outside of the realm of
physical processes. Perhaps most common is the use of imagery
to identify and quantify beach users for the purposes of coastal
zone management. This typically involves the development of
an automated person counting method, which is then applied
to a coastal region to analyze beach use over time (Green et al.,
2005; Guillen et al., 2008; Balouin et al., 2014). Preferred locations
of beach users can also be assessed to determine association
with potential hazards (Silva-Cavalcanti et al., 2018) and to
support beach management by relating use to beach carrying
capacity (Jimenez et al., 2007; Cisneros et al., 2016). Marine
debris or beach litter can also be identified and spatially and
temporally tracked using imagery (Kako et al., 2010; Kataoka
et al., 2012). Debris on the beach were identified based on
pixel color and the relative differences from the surrounding
beach or coastal background. Physical mechanisms leading to
debris occurrence and position on the beach has been established
(Kako et al., 2018).

Ecological, Environmental and Water
Quality Observations
Though coastal applications are thus far limited, recent efforts
have demonstrated the ecological and environmental monitoring
capabilities of webcam or other stationary imagery (Bradley
and Clarke, 2011). These include quantifying the increases in
forested extent for an alpine treeline ecotone (Roush et al.,
2007), monitoring deciduous autumnal color change (Astola
et al., 2008), calculating normalized snow indices from ground-
based cameras (Hinkler et al., 2002), comparing the “green-up”
signal to canopy photosynthesis data (Richardson et al., 2007,
2009), and tracking the development of invasive Pepperweed
(Sonnentag et al., 2011). Though not relying on a webcam,

a smartphone camera app has been developed and tested to
perform above water observations of water quality including
suspended sediment, chlorophyll and dissolved organic matter
(Leeuw and Boss, 2018). Presumably webcams could be used for
similar types of observations.

THE WEB CAMERA APPLICATION
TESTBED

The WebCAT was initiated to meet short-term coastal
observation needs and to pilot a proposed model for a
public-private partnership to develop a web camera observation
network. As described above, coastal imagery data is widely used
for a range of applications in the research community. However,
data acquisition, delivery and processing varies depending
on the camera type, operator and end use. WebCAT seeks to
standardize these aspects of the collection of coastal webcam
imagery to maximize data access and the benefit for a range of
end use applications. The observation needs initially identified
include observing and quantifying wave runup, rip current
occurrence, beach use and counting fauna on land and in the
ocean. These use cases, coupled with existing infrastructure
and host availability largely dictated the locations for camera
installation (Figure 1 and Table 1). The camera installation and
data acquisition was handled by Surfline, Inc., and their expertise
and pre-existing infrastructure minimized cost and made the
process much more efficient than it would have been otherwise.
SECOORA and Axiom utilized their existing web services to
host the near real-time and archived imagery data and developed
a site to deliver the data to end users2. The data page includes
denoting camera downtime, which can occur for a variety
of reasons including camera malfunction (there were several
lightning strikes at the Miami camera), as well as modifications
or errors in the data transmission system. Data users such as
NOAA, USGS and academic partners are applying downstream
processing methods for specific end use applications.

Surfline installed seven webcams for the WebCAT project.
After an initial prioritization process with the stakeholders,
Surfline spent several months searching for suitable hosts. Site
reviews were conducted at each location to ensure suitability
for the project. Host agreements were made with property
owners of each location, which outline privacy, liability, right
to terminate and other considerations. High Definition PTZ IP

2secoora.org/webcat

TABLE 1 | WebCAT camera specific information and metadata.

Camera location Stationary (S) or panning (P) Surveyed (y/n) Elevation above ground (m) Primary purpose

Buxton, NC S Y 10 Runup

North Myrtle Beach, SC S N 15 Beach use and water quality; rip currents

Folly Beach, SC (north and south) S (north) P (south) N 15 15 General monitoring

St. Augustine, FL P N 10 Whale monitoring

Miami, FL S Y 40 Rip currents; runup

Bradenton, FL S N 5 Rip currents
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cameras were installed at each site with a minimum imagery
resolution of 1280 × 720, a sampling rate of 30 Hz (or frames
per second) and a bitrate of 1500 kbps. Imagery data was made
operational via existing Surfline processes and technologies. For
example, Surfline already stores camera streams on Amazon
Web Services (AWS) to allow their users access to the data in
ten minute increments. This process was replicated for these
installations, and data access was provided to Axiom who in turn
made archived imagery data available to project stakeholders. In
addition, Surfline had existing processes to share live streams
of their cams with partners, which allowed seamless syndication
of the cams on the SECOORA WebCAT website. In addition,
site surveys and additional calibrations were performed at two
locations (Buxton, NC and Miami, FL) to aid in converting
image coordinates to real world coordinates. Standard practice
for converting to real world coordinates includes intrinsic
calibrations, which account for lens distortion, and extrinsic
calibrations, which account for camera position and look
angles, and applying standard photogrammetric relationships
(Holland et al., 1997).

Several cameras (initially Miami, FL and Bradenton, FL)
will be used to aid in rip current identification and were
selected in part because a NOAA rip current forecast model
is being validated at those locations (Dusek and Seim, 2013).
Initially the time-exposure imagery will be utilized to manually
identify rip currents during select time periods, however,
approaches to identify rip currents in an automated or machine
learning approach are also being explored. Images from select
cameras with sufficiently high viewpoints and camera calibration
measurements (Miami, FL and Buxton, NC) are being used
to create wave runup time-stacks for extracting water levels at
the shoreline and validating total water level models3. Imagery
is also being used as a means to count and inventory items
and activities along swimming beaches and the nearshore.
Explorations include automated identification and counting of
pets and birds, which may be correlated to bacterial loading
and corresponding swimming beach water quality forecasts.
Similarly, identification and monitoring of St. Augustine-based
migrating right whales will enable the correlation of imagery-
based and in-person sightings.

There were some challenges in developing the pilot WebCAT
network. Finding a suitable host for new camera installations
was particularly difficult. This is a common issue with camera
installation, as private businesses and residences are often
hesitant to participate. In some cases, this challenge resulted
in camera locations, and particularly camera elevations, being
less than ideal for some applications. Another challenge was
installing the camera to meet the broadest range of needs for
each installation. For applications where camera stability isn’t as
important (e.g., counting people or animals), a panning camera
is preferred to maximize field-of-view. However, for applications
where stability is essential (e.g., wave runup calculations) a
panning camera potentially introduces more error than is
desirable (Bracs et al., 2016).

3coastal.er.usgs.gov/hurricanes/research/twlviewer/

A FUTURE OPERATIONAL WEB
CAMERA OBSERVING SYSTEM

The WebCAT project will focus on continuing to enhance
standardized data delivery over the near-term. For instance,
investigating how best to include the downstream processing
common in other scientific monitoring stations including
time-exposure images, variance images and time-stacks
as part of standard imagery products accessible to end
users. One potential approach is to process imagery in near
real-time, as each 10-min video segment is available for
download. Users could then download only the processed
images, potentially including rectified imagery where possible,
instead of having to download the full video and perform
this processing locally. An important consideration when
standardizing and optimizing how to deliver webcam coastal
imagery data is coordinating the needs of both the established
coastal imagery research community and operational end
users (e.g., NOAA, USGS, etc.). A recent coastal webcam
workshop brought these user groups together to identify
and document universal requirements and best practices
for webcam installation, imagery acquisition, delivery,
and processing. Further, it is envisioned that an ongoing
community of practice will be initiated to ensure the processes,
successes and lessons learned are carried forward beyond the
initial WebCAT pilot.

In the long-term the WebCAT project lays the groundwork
for a potential future nationwide webcam coastal ocean
observing network. Similar to the HF Radar network and
other national coastal observing networks, it is envisioned
that common data collection and QA/QC procedures (IOOS,
2016) and data and metadata formats will be followed by
all systems existing within the network. This standardization
will enable the imagery data to be provided through regional
hubs or websites of individual institutions or providers while
also being available through a national centralized repository.
This standardization will also ensure that a data user can
easily access high quality imagery data for their specific
application from potentially hundreds of different coastal
locations throughout the United States regardless of the webcam
operator. However, unlike other coastal observing networks
the relatively low costs associated with webcam installation,
operation and maintenance will equate to a wide range of data
providers including federal, private (e.g., Surfline), academic,
regional (SECOORA) and local partners. If this vision is
achieved, webcam coastal imagery will transform environmental
monitoring along our coastlines.
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