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Abstract: As coastal communities around the globe contend with the impacts of climate change
including coastal hazards such as sea level rise and more frequent coastal storms, educating stakeholders and the general public has become essential in order to adapt to and mitigate these risks.
Communicating SLR and other coastal risks is not a simple task. First, SLR is a phenomenon that is abstract as it is physically distant from many people; second, the rise of the sea is a slow and temporally
distant process which makes this issue psychologically distant from our everyday life. Virtual reality
(VR) simulations may offer a way to overcome some of these challenges, enabling users to learn key
principles related to climate change and coastal risks in an immersive, interactive, and safe learning
environment. This article first presents the literature on environmental issues communication and
engagement; second, it introduces VR technology evolution and expands the discussion on VR
application for environmental literacy. We then provide an account of how three coastal communities
have used VR experiences developed by multidisciplinary teams—including residents—to support
communication and community outreach focused on SLR and discuss their implications.
Keywords: virtual reality; climate change; sea level rise; community outreach; environmental literacy;
Santa Cruz; Long Beach; Turner Station; coastal adaptation
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1. Introduction
It is estimated that 230 million people currently live in locations less than one meter
above high tide, with 630 million people currently living in areas projected to be flooded
annually by 2100 [1]. As coastal communities in the United States and around the globe
contend with the impacts from climate change including coastal erosion, more frequent
intense storms and sea-level rise (SLR) [1–4], educating stakeholders and the general public
has become essential in order to adapt to and mitigate these risks.
However, communicating SLR-and other environmental issues—is not a simple task.
First, SLR is a phenomenon that is abstract as it is physically distant from many people,
given that 60% of people live more than 60 miles from the coast [5]. As they are not in daily
contact with the ocean and may not realize how the coast and the ocean influence every
aspect of human life, this issue is not of much concern to these people. As expressed by
Longo and Clark “the ocean is commonly viewed as something far removed from human
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society. In some way, it is deemed ‘out of sight, out of mind” [6]. Second, the rise of the sea
is a slow and temporally distant process which makes this issue psychologically distant
from our everyday life [7]. Third, the general public presents limited understanding about
earth and marine sciences [8], which makes it difficult to comprehend that the sea level
is rising.
This article first presents the literature on environmental issues communication and
engagement; second, it introduces VR technology evolution and expands the discussion on
VR application for environmental literacy. We then provide an account of how three coastal
communities have used VR experiences to support communication and community outreach focused on SLR and discuss their implications. The three VR experiences described in
this article were developed by multidisciplinary teams including virtual reality researchers,
climate scientists, city officials, community organizers, conservation practitioners, journalists, videogame developers, and digital artists. These VR experiences were funded by state
agencies, non-profit organizations, local governments, and the private sector.
1.1. Communicating Environmental Issues
Focusing on personal connection, relevance and learners’ agency has been argued to
be more efficient [9,10], as direct experience of an environmental issue is more powerful
than second-hand information [11]. Providing information alone is not enough to trigger
behavioral or attitudinal change [12,13]. Experience not only affects how individuals learn
about and perceive risks but also their behavioral responses. The “Experience-Perception
Link” [14] research field investigates how experiencing the causes of environmental issues
(such as extreme weather) influences individuals’ attitude and behavior toward these issues.
Researchers have shown a positive correlation between experiencing environmental issues
and risk perception [15], attitudes [14] and behavior [16]. In their recent study, Bergquist
and colleagues (2019) surveyed Floridians before and after they experienced hurricane Irma
and suggested that “respondents expressed stronger negative emotions toward climate
change, were more certain that the hurricane was caused by global warming, and were more
willing to pay higher taxes after experiencing Irma” [17]. Since other scholars have not seen
any positive change in environmental attitudes after experiencing extreme weather [17,18],
Bergquist et al. (2019) postulated that experiencing extreme weather events might impact
attitudes under certain conditions [17]. In other words, the framing of these experiences
might have a key role to play. For example, in their study, Joireman et al. (2010) primed
participants with words either neutral or related to heat before surveying them on their
climate change belief and experience [19]. Participants primed with heat-related words
were significantly more likely to have noticed signs of global warming and to believe in
global warming.
Similarly, anchoring has also been suggested to impact climate change attitude. As
defined by Teovanovic (2019), the “Anchoring effect refers to a systematic influence of
initially presented numerical values on subsequent judgments of uncertain quantities,
even when presented numbers are obviously arbitrary and therefore unambiguously
irrelevant” [20]. Joireman and colleagues (2010) demonstrated that participants initially
presented with high values in relation to global warming were more likely to believe
that global warming was currently happening and more willing to pay to mitigate global
warming compared to participants who were initially presented with lower values in
relation to global warming [19].
The reviewed literature suggests that, while the experience of the environmental issue
itself is critical, the context in which it takes place is also a key element if one wants to
promote pro-environmental behavior and attitudes. In this way, how the experience is
scaffolded is essential and needs to be better understood. Moreover, projections about
the future impacts of SLR can be a difficult thing for people to picture in their minds and
is consequently a difficult problem for communities to prioritize over more tangible and
immediate ones.
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Virtual reality (VR) simulations may provide an alternative, enabling users to learn
key principles related to climate change and coastal risks in an interactive and safe learning
environment. This idea is well aligned with research that argued that a suite of interactive
‘management flight simulators’ should be developed for policy makers and the general
public to support the risk communication process [21]. VR experiences can simulate some
impacts from climate change that are not immediate, such as coastal flooding—a concept
that cannot be learned by real experience (opposed to virtual) without putting people
at risk.
Recent research has shown that VR increases knowledge and preparation for natural
disasters, when compared with traditional communication methods (i.e., videos or printed
materials) [22]. An early study demonstrated that subjects visualizing flooding in three
dimensional images declared a higher intent to purchase flood insurance and to evacuate
from at-risk areas, when compared with subjects visualizing videos or slides [23].
A recent study in Florida found that participants that viewed two dimensional static
maps showing SLR projections were less likely to say they believed climate change was
happening and that it was causing more frequent storms, than participants that had
not seen the static maps [24]. Regardless of partisan affiliation, participants expressed
skepticism about the idea that SLR would have an impact in their property values after
seeing the flood maps [24]. The authors attribute this counterintuitive result to partisan
affiliation and personal interests, proposing that: “When partisans are exposed to new
information that contradicts their existing beliefs, they may process any new information
with an underlying goal or motivation to maintain their initial view or uphold their partisan
group identity” [24]. Another recent study proposed that the use of compelling images
such as animated maps in conjunction with effective textual frames can weaken science
politicization, restoring the impact of textual frameworks [25]. While understanding how
the use of VR may reduce science politicization is beyond the scope of this article, this is an
area that warrants future research and is encouraged by these emerging findings.
1.2. VR Technology—A Brief History
The 20th century experienced three platform waves: personal computers, internet,
and mobile devices [26]. However, even after the third wave, we were still confined to two
dimensional devices. It was not until the fourth platform wave that we were able to break
free from two dimensional screens.
That is when the fourth digital wave comes in. In the fourth digital wave, extended
realities (XR) were introduced with three new key technologies: (i) virtual reality (VR)—the
physical world is replaced with a fully virtual world, where everything is rendered by a
graphical device; (ii) augmented reality (AR)—a digital layer is rendered on top of our
physical world, augmenting it; (iii) mixed reality (MR)—which combines VR and AR
presenting an experience that builds the digital layer on top of the physical world but in a
more immersive way [27].
XR technologies became popular in the 2010s. However, humans were already dreaming about VR in 1832, when Sir Charles Wheatstone invented the stereoscope viewer [28], a
device capable of combining two two-dimensional images, creating a stereoscopic image
resulting in the illusion of a three-dimensional image. Over a century later, the first concept
of virtual reality was finally defined in the science fiction book “Pygmalion’s Spectables”,
in 1935 [29]. It describes exactly how virtual reality works today, although incorporating
smell and taste into XR applications is still a tremendous challenge [30].
“I photograph the story in a liquid with light-sensitive chromates. I build up a complex
solution—do you see? I add taste chemically and sound electrically. And when the story is
recorded, then I put the solution in my spectacle—my movie projector. I electrolyze the
solution, break it down; the older chromates go first, and out comes the story, sight, sound,
smell, taste—all!” [29].
One of the first multisensory machines, known as the Sensorama, was created in 1962
by Morton Heilig. The Sensorama could display three-dimensional stereoscopic films as
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The Google Cardboard, a simple do-it-yourself project literally cut from cardboard,
with two attached lenses that work in conjunction with most modern mobile devices,
proved that virtual reality can be achieved at a very low additional cost. Other 3DoF
devices are not very expensive and are not PC dependent, which lowers costs even more.
The Cardboard was a big success with over 5 million copies sold by January 2016 [46]. One
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of its main uses was in education. With a program called Google Expeditions, for example,
we can bring the whole world to users without requiring them to travel.
However, mobile devices were not built for VR and have serious limitations including:
(i) their graphic hardware is limited; (ii) all images must be rendered twice; (iii) they
overheat after a few minutes. Regardless of its limitations, mobile VR is cheap and accessible as mobile phones are ubiquitous. To improve the quality of the experience without
adding much cost to it, Oculus released the Oculus Go HMD, a 3DoF standalone device.
The Oculus Go had a mobile engine behind the scenes but it was developed for VR and
provided a reasonable experience.
Over time, HMDs have received major upgrades, including spatial room awareness,
which allowed users to finally move around in the virtual environment, resulting in an
experience with six degrees of freedom (6DoF). In 6DoF, it is not only possible to track
where the user is looking at, but also track where they are in the room, providing an entirely
new perspective, and enhancing the way we perceive virtual reality [45]. The PlayStation
VR and the VIVE HMDs represented an important leap forward as they introduced spatial
awareness (6DoF). They were the first devices with spatial awareness and required external
cameras and sensors to track the user location and multiple cables attached to the HMD [47].
Recent HMDs are cheaper, wireless, and introduced the concept of inside-out tracking,
which reduces hardware costs and improves the user experience, since now the users
do not need to position additional sensors [47,48]. These were two main barriers to the
wide-spread use of VR. At this time, the recently released Oculus Quest version 2 had sold
over 1 million units in just three months [49].
Looking forward, we expect VR and AR to continue to change how we consume
content in the form of more portable devices that are more integrated with our day-to-day
activities. Exploratory and innovative tools are being developed to support education,
training, sales, transportation and more [50] and are likely to become mainstream as
hardware costs decline and the technology continues to advance.
1.3. Environmental Literacy
1.3.1. The Need for an Environmentally Literate Population
In order to participate in the debate about and the actions toward marine environmental issues such as SLR, citizens need to be ocean literate. While the primary meaning
of the concept of literacy solely refers to the ability to read and write, this concept has
evolved through time to include the ability to understand a text and be able to make sense
of and use it in the world for relevant purposes [51]. More recently, UNESCO expanded the
concept of literacy by stating that, “Literacy involves a continuum of learning in enabling
individuals to achieve his or her goals, develop his or her knowledge and potential, and
participate fully in community and wider society” [52]. Various types of literacy, such as
science literacy, digital literacy, or environmental literacy, point to skills that are essential
in our time and that include but go beyond reading and writing in the classical sense [53].
Cava and colleagues (2005) defined ocean literacy as an understanding of the ocean’s
influence on us and our influence on the ocean. Elaborating on this understanding of interdependencies, the authors define an ocean-literate person as someone who understands
the essential principles and fundamental concepts about the functioning of the ocean, is
able to communicate about the ocean in meaningful ways and is able to make informed
and responsible decisions regarding the ocean and its resources. Since SLR is forecast to
have economic, social, health and environmental ramifications, it is essential that citizens
and decision-makers are well-versed in this environmental issue. Dealing with SLR and
adapting to it will require awareness and engagement from every citizen, from coastal
community members to the government. The engagement of every citizen is essential for
the successful implementation of mitigation plans. That is, it is necessary to start from
understanding and move toward the behavioral change and action of entire groups—near
and far from the coast.

Water 2021, 13, 1142

6 of 29

When it comes to engagement with climate change issues, there are three main elements: understanding, emotion, and action [54]. In order to be able to engage the community, citizens, and decision-makers, it is essential that they receive proper information and
understand the causes and consequences of SLR regionally and globally. In addition, it is
important that they feel emotionally connected to this issue, so that they move forward to
action. Having firsthand experience with marine life and coastal environments has been
shown to increase people’s understanding and emotional responses, which can lead to
greater support for nature conservation work [55]. Hence, the challenge is to promote an
emotional connection with the ocean among people living inland. Finally, after understanding and being emotionally connected to the SLR issue, opportunities to participate in
action, mitigation and adaptation are essential to garner support for decision-makers in
coastal areas.
1.3.2. VR for Environmental Literacy
Through the use of a head-mounted display, hand controllers, stereoscopic sound, and
haptic feedback, immersive virtual reality (VR) provides a vivid first-person experience in a
three-dimensional virtual environment augmented with multisensory feedback. Virtual experiences have become more immersive as technological development increases the sensory
information provided, allowing users to feel more in touch with the virtual experiences.
Bailenson argues that VR is best suited when it simulates experiences that are otherwise
dangerous, impossible, counterproductive or expensive [56]. VR has shown encouraging
results tapping into understanding, emotions, and behavior, as well as communication and
planning to address environmental issues.
Understanding. Markowitz et al. (2018) explored the efficacy of VR for teaching about
ocean acidification [57]. The VR activity was first implemented in school as part of a
teaching unit running over several weeks. The students embodied a coral avatar and
experienced the ill effects of ocean acidification on other species and on their own avatar.
The students’ knowledge about the topic increased after participating in the VR activity. A
similar experiment was run, but this time, half of the participants saw themselves as a coral,
while the other half embodied a scuba diver. Both groups presented a significant knowledge
gain between pre- and post-test, but there was no difference between the two conditions,
indicating that, in this case, the nature of the avatar did not influence the knowledge
gain [57]. A third experiment focused on the impact of participants’ movement. Fortythree participating college students were randomly assigned to two motion conditions
(swimming with remote control or with their physical body). While the motion condition
did not influence the knowledge gain, it showed a post hoc correlation between the
knowledge gain and the distance traveled underwater. This suggested that visual and
physical exploration while in VR led to a greater knowledge gain [57].
Emotions. Hsu et al. (2018) investigated the effects of exaggerated feedback to trigger
an affective response in VR experience about water conservation [58]. The authors focused
on the effect of exaggerated feedback intensifying the negative consequences of water
consumption and/or environmental damage in order to emphasize affective responses.
A total of 165 participants played a VR game simulating water consumption effects. Participants were assigned to one of the four exaggerated feedback conditions: negative
impact on the environment (present or absent), and negative impact on resources (present
or absent). Participants in the “negative impact on resources” condition demonstrated
higher short-term behavior intention to reduce water use than participants in the “negative
impact on the environment” condition [58]. Regarding the long-term effects of exaggerated
feedback, participants in the “negative impact on the environment” condition showed a
greater improvement in individual attitude and behavior intention than participants in
the other conditions [58]. These results indicated that providing exaggerated feedback of
water usage on the environment (i.e., degradation of the environment) elicited the highest
levels of affective response and pro-environmental disposition [58].
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Behavior. Ahn et al. (2014) investigated the impact of an embodied experience in VR on
environmental behavior related to paper consumption [59]. Forty-seven college students
were first informed about paper consumption and its impact on deforestation before being
randomly assigned to one of two experimental conditions. Half of the participants put
on the VR headset and virtually stood in a forest in front of a large tree while holding a
chainsaw. They were prompted to begin moving a haptic joystick to cut down the tree.
After two minutes of sawing, the tree would fall down, and the forest would become
suddenly quiet. The participants in the second condition read a detailed description of the
tree-cutting activity and were prompted to create a vivid picture in their minds. Ahn and
colleagues (2014) revealed that after experiencing how to cut a tree in the VR condition,
participants used significantly fewer napkins to dry spilled water than participants who
read a passage about cutting a tree [59].
Chirico et al. (2020) also placed individuals in a virtual natural environment in order to
communicate an environmental problem [60]. They investigated how VR could contribute
to mitigating the plastic pollution issue while participants were transported to a garden
during the spring season. While at first the natural environment was pristine, the plastic
consumption of the participants along with the global plastic consumption was visualized
onto the natural environment. Each participant was randomly assigned to one of the
three different kinds of visualizations. In the concrete condition, the amount of plastic
was represented by a pile of bottles of plastics piling up in front of the participant. In
the numeric condition, the plastic consumption appeared as a number superposed to the
natural environment. Finally, in the mixed condition, both the numbers and the bottles were
visible at the same time. The authors measured a wide range of variables such as attitudes
toward the environment and plastic waste, and behavioral intention toward plastic. The
results showed a significant effect of the mixed condition compared to the numerical
condition. The awareness of risks related to the use of plastic was significantly greater in
the mixed and concrete condition than in the numerical one. The awareness of risk related
to plastic use was also greater in the mixed condition than in the numerical condition.
Communication. When it comes to risk communication, immersive media has been
shown to be more effective than non-immersive ones [61]. A study using immersive 360◦
videos investigated this media effect on individuals’ psychological distance, personal
relevance, perceived risk, and behavior related to environmental issues [61]. They found
that increased immersion was beneficial to communicate the severity of environmental
risks and enhance pro-environmental behavior. On the other hand, they demonstrated
that increased immersion was detrimental for environmental issues that were already
considered as proximal.
McLean, Taladay, and Dong (2020) have also addressed the use of VR to communicate
the impacts of SLR in Hawai’i, a state threatened by this environmental issue [62]. They
designed a VR experience based on sea level rise data provided by the National Oceanic
and Atmospheric Administration (NOAA). Their aim was to create an entertaining but impactful experience to be used as a communication tool. Their paper describes the technical
development of the tool but does not provide information about its implementation and
impact on the audience.
Planning. Focusing on visualizations and how it could support risk communication and decision-making, Jude and colleagues (2015) developed a VR simulation about
coastal change and adaptation strategies [63]. After interviewing coastal management
organizations about the VR simulation, they found that it was important to facilitate the
communication between the coastal management organizations, stakeholders and the public. They suggested that future visualization methods should include: (i) long-term coastal
change based on scientific projections, (ii) geomorphological changes, and (iii) coastal-scale
visualizations. An experimental research using this VR simulation showed that VR could
improve economic valuation of changes on the landscape, when compared to traditional
media [63].
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additional two-dimensional information on a large screen that is also used as an interactive
user interface. Photos of the local coastal areas are hanging on the virtual walls and users
can interact with the various features in the experiences using a virtual laser pointer.
At the beginning of each VR experience, users are oriented through a brief tutorial
learning how to interact with the environment. The three main actions users can perform
in the experience consist of (i) clicking on flashing targets to move to the next step, and (ii)
clicking on icons to activate and deactivate features such as displaying coastal erosion and
coastal adaptation, and (iii) clicking and dragging a circle over a sliding bar to simulate
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the impacts of ocean waters rising. During initial testing stages, the development team
found that many users, especially those not familiar with VR, did not realize they could
move their heads to explore the immersive 360-degree environment. To prevent this lack of
interaction with the environment, an extra step was introduced to the tutorial, encouraging
users to look around to explore the virtual environment around them.
After the tutorial, users have about 30 s to explore the space on their own and just
look around to get used to the VR space and observe images and objects related to each
community culture. We found that in previous pilot versions that did not include this quiet
time (i.e., the narration started sooner), most users could not recall what they had heard as
they were distracted by the novelty of VR. After users spend some time looking around
the virtual room, a 1-min two-dimensional introductory video starts on a virtual screen in
the VR environment. The first half of the video shows the planet Earth spinning and the
atmosphere warming while a narrator describes how climate change is causing sea water
to heat and expand, and glaciers and ice sheets to melt, both driving sea levels to rise. The
second half of the video is unique to each location and shows aerial images with special
highlights from each location. The introductory video is not present in the Turner Station
experience as it was introduced more recently.
After the introductory video, a three-dimensional model of a coastal location is displayed on top of the desk in front of the user and a new user interface appears on the virtual
canvas behind the desk. Users can interact with a sliding bar to simulate sea levels rising
and can interact with various buttons to display coastal erosion, the impact of extreme
storms, and to visualize potential adaptation solutions, as seen in Figure 3. These same
features are also available during a second scene, where users are transported to an aerial
Water 2021, 13, x FOR PEER REVIEWview where they can see each location while floating from a virtual blimp 120 m above
10 of 29
the ground.
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In this phase, to support the realistic renderings used to build the VR experience,
relevant coastal hazards were selected along with science-based projections. Typically,
these include flooding models, tidal information including king tides (the highest astronomical tides of the year), historical and projected coastal erosion, as well as all coastal
adaptation concepts. The data sources used were the National Oceanic and Atmospheric
Administration SLR data [68,69], the Coastal Storm Modeling System (CoSMoS) developed by the United States Geological Survey (USGS) [70], The Nature Conservancy
Coastal Resilience mapping portal [71], and higher resolution models developed by local
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2.2. VR Creation Steps
2.2.1. Planning
During the planning phase, the key objectives of each experience and main audiences
were identified. These VR experiences were designed to provide a novel and compelling
tool to increase awareness on SLR. They have been customized to each location to allow
users to identify with that location, aiming to increase their connection with the issue being
pictured. The VR experiences were used in several community outreach events at these
locations to start communications with residents about SLR and other coastal impacts (i.e.,
coastal storms and coastal erosion).
Once the objectives and audiences were defined, the next step was the creation of a
visual storyboard. The storyboard contained concept images of each step of the experience
including a welcome screen, brief tutorial, introduction video, the virtual room, and the
aerial views, based on Google Earth images of the relevant locations. In parallel with the
storyboard, the narration script was developed and eventually translated to Spanish. Once
the storyboard was completed, all the aerial image needs were identified. The drone flight
plans were documented and when needed, flight permits were requested.
In this phase, to support the realistic renderings used to build the VR experience,
relevant coastal hazards were selected along with science-based projections. Typically,
these include flooding models, tidal information including king tides (the highest astronomical tides of the year), historical and projected coastal erosion, as well as all coastal
adaptation concepts. The data sources used were the National Oceanic and Atmospheric
Administration SLR data [68,69], the Coastal Storm Modeling System (CoSMoS) developed
by the United States Geological Survey (USGS) [70], The Nature Conservancy Coastal Resilience mapping portal [71], and higher resolution models developed by local consultants
when available.
2.2.2. Data Acquisition
During the data acquisition phase, all drone flights were executed at the portrayed
sites. Various kinds of aerial images were required to develop the VR experiences: still
photographs were used in photogrammetry to generate three-dimensional models, additional videos were used in the experience, and photographs and videos were used in
communication materials. The main drone used in these projects was the DJI Phantom
4 pro version 2, which has a one-inch optical sensor that can take 20-megapixel images.
The three-dimensional models used in these VR experiences were produced from around
800 aerial shots. In the case of the larger model of the Long Beach Peninsula, it used more
than 3500 images, taken over the course of five days (Figure 4).
2.2.3. Creation and Testing
The main steps in the implementation phase included photogrammetry, artistic work,
and technical development. During photogrammetry, two dimensional aerial views were
processed into three dimensional models. These models were simplified into lower resolution models that could be added into VR without overtaxing the HMD’s limited processing
power. Additionally, 360◦ aerial panoramas were created. Then, the artistic renderings
were created to realistically replicate the coastal hazards selected during the planning phase
for each location. The renderings were either overlaid to the 360◦ images or the 3D models
and integrated to the experience using Unity, a cross-platform mostly used to develop
video games [72]. During this phase, the experiences were tested in several platforms and
all bugs were fixed. Once the experiences were validated by the project partners, they
moved on to the rollout phase.
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The SLR models used in Turner Station,
MD are from NOAA’s Sea Level Rise Viewer.
Flooding projections included in the VR experience range from 0.3 m (1 ft) to 1.83 m (6 ft),
in 0.3 m (1 ft) increments. For specific model considerations and limitations, please consult
reference [74]. Coastal hazards represented in the Santa Cruz VR experience include
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king tides, a combination of 0.73 m (2.4 ft) of SLR with an extreme storm event (100-year
storm), and projected coastal erosion by the year 2100. The flooding projections used were
developed during a study conducted by a consulting firm (ESA) for the Monterey Bay
area [75,76]. The coastal erosion projections used were prepared by a local consulting
firm for a recent coastal planning report published by The city of Santa Cruz [77]. Coastal
hazards represented in the Long Beach VR experience were developed by the USGS’s
CoSMoS models and include combinations of SLR scenarios ranging from 0.24 m (0.8 ft) to
1.49 m (5.9 ft) with or without an extreme storm (100-year storm) [70]. For a more in-depth
analysis of SLR model methods and limitations in California, please refer to the Sea The
Future tool developed by the California State Coastal Conservancy [78].
It is also important to note that natural hazards alone are not the best way to quantify
risks to coastal communities. Such risks are better defined by complex interactions between
physical hazards and the vulnerability of the communities affected by these hazards [79],
which were not included in these experiences but should be considered in future VR
experiences with similar objectives as the ones described herein. Finally, it is important
to note that all models have limitations, and these VR experiences were developed as
communication tools to start informed conversations; they were not designed to support
site-specific decisions including permitting.
3. Case Studies—A Tale of Three Coastal Cities
Turner Station, MD; Santa Cruz, CA; and Long Beach, CA are three very different
coastal cities that have historically faced coastal hazards likely to become worse with
climate change. In this section, we describe how these three communities embraced VR as
a tool to support outreach in their planning efforts.
Turner Station is a historic African American community located just outside of
Baltimore. Due to the constant wet and soggy lawn, kids can barely play on the baseball
fields at Fleming Park, a treasured community park [80]. In the surrounding neighborhood,
a combination of precipitation, high tides and storm surges occasionally results in sea
water flooding the streets through the storm drainage system designed to keep the local
streets from flooding [80]. With climate change and SLR, the flooding frequency in this
neighborhood is expected to increase [68]. Turner Station is located in the mid-Atlantic
region where, by 2100, almost one million houses are projected to be vulnerable to three
feet of SLR, the low end of most SLR projections for the region [3].
Nearly 2900 miles across the country, in Santa Cruz, CA, severe coastal erosion is
causing parts of the pedestrian pathway and bike lane along the iconic West Cliff drive
to fall into the ocean [77]. During strong El Niño years, when sea levels in California
can be almost 30 cm higher than normal, a couple of local coastal roads just outside
the city limits can remain flooded for weeks, disrupting the local traffic and damaging
infrastructure [77,81]. In the city of Santa Cruz alone, with an estimated population of
roughly 65,000 people in 2020 [82], more than $1 billion of property and infrastructure will
be at risk if the existing coastal armoring is not replaced by 2060. A recent study found
that without extensive human intervention, 67% of all sand beaches in California could
disappear by 2100, due to a combination of SLR and coastal erosion [83].
Three hundred miles south of Santa Cruz, residents of the Long Beach Peninsula in
Los Angeles county are looking for solutions to protect hundreds of homes from flooding
resulting from coastal storms. In 2018, Long Beach residents watched the waves from
hurricane Sergio break through the 10 foot-tall sand berms that the city builds and maintains
year-round, and overtop the short seawall built around the entire peninsula, the last defense
against ocean waters. During that event, emergency responders erected a plywood wall
behind the short seawall and deployed sandbags to protect coastal homes [84].
These three locations are a few examples of thousands of coastal communities across
the globe facing coastal hazards that are being exacerbated by climate change [1]. VR
simulations may offer a way to help citizens overcome some of these challenges, enabling
users to learn key principles related to climate change and coastal risks in an immersive and
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interactive learning environment—this has evoked sometimes visceral emotions [85]. This
concept is well aligned with a body of research that assesses the efficacy of various traditional communications modalities as compared to more realistic or experiential modalities
such as VR, as discussed before.
3.1. Turner Station, MD
Turner Station is a vibrant, venerable, and historic community dating back to the
1880s [86]. The community blossomed as an enclave of black employees of the Bethlehem
Steel Company, who were barred from living in other nearby neighborhoods by segregation laws, moved to this region, building small cabins for their families [86]. Ultimately,
residents built a wealthy and distinguished community that prided itself on education and
self-sufficiency with its array of community-run businesses [86]. Turner Station became
a vibrant and thriving community that is home to many notable residents including an
NAACP president and former congressman, an astronaut, musicians, artists, and many
more [87].
Over time, Turner Station’s shores have been eroded by wave action and rising seas
and the local water quality has been degraded by a long history of industrial shoreline
activity within the community and across the region. Turner Station’s predominantly
black community is active, organized and working to preserve its historic foundation and
revitalize its shores to increase community resilience to current and future challenges.
3.1.1. Project Background
The Nature Conservancy (TNC), a global environmental nonprofit present in 72 countries and territories with more than a million members and over 400 scientists [88], is
working with communities on climate adaptation in many ways all over the world, encouraging investments in nature-based solutions to reduce the impact of flooding. In
Maryland, TNC is working to empower coastal communities and habitats with the innovative frameworks they need to adapt to the increasing pace of coastal transformation caused
by climate change.
TNC partnered with Virtual Planet Technologies (VPT) to develop a VR experience that
would bring to life the projected extent and impacts of SLR to Fleming Park (Figure 5b–d).
The goal of the project was to use VR to start a conversation with the community about
the projected impacts of SLR and to work together in the development of adaptation
strategies, identifying where and how nature-based solutions can reduce current and
future risk and impacts. The initial project was launched as the Turner Station community,
working with Baltimore County and a team of partners, gained momentum in planning
a multimillion-dollar shoreline revitalization and restoration project at Fleming Park—a
treasured coastal asset within the Turner Station community. The goal of the project was
to use the visualization as a launching point for a partnership wherein community-led
resilience planning would ultimately lead to a more robust consideration of SLR adaptation
in the shoreline park revitalization project design. This aimed at increasing the lifetime of
this significant investment of public capital, as well as the longevity and resilience of the
park itself for the community’s enjoyment.
VR was used in this project for two main reasons. First, we expected it would cause
a great impact due to its novelty. Second, we expected the use of VR would result in increased engagement from the local community and decision-makers, when compared with
traditional communication methods such as two-dimensional images (see the Introduction
Section for the literature review about VR use and prosocial behavior change and natural
disaster preparedness).
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assisted in securing additional donor interest and financial support for the expansion of
the project.
In November 2019, the VR experience was displayed at the Maryland Port Administration’s annual Dredged Material Management Program Meeting. While viewership was
not recorded, a long line of people queued up to experience the virtual SLR demonstration.
3.1.3. Next Steps
Funding has been secured to develop a new version of the VR experience in a twophased approach. The first phase would include the visualization of flooding risk for
the entire community (beyond just Fleming Park). The second phase would include
community-identified, coastal engineer-approved, nature-based solutions to reduce flood
risks. The goals of these two phases are: (i) to help community members and decisionmakers to better visualize the impacts of climate change and SLR, and (ii) choose phased
adaptation options amongst a suite of potential solutions. Ideally, this will help the
community identify some near-term solutions to reduce current risk while launching a
longer-term adaptation planning effort as sea levels continue to rise.
3.2. City of Santa Cruz, CA
The city of Santa Cruz is located on the central coast of California, slightly south of the
San Francisco Bay and Silicon Valley, nestled between the Santa Cruz mountain range and
the Pacific Ocean. A laid-back beach town of about 65,000 residents receiving an average
of 262 days of sun per year, the city hosts 3 to 4 million visitors a year, making tourism
and recreation primary economic drivers [89]. Santa Cruz has a diverse coastline including
beach and recreational resources, transportation and utility infrastructure, higher-end
residential development, the iconic Santa Cruz Boardwalk and less-advantaged residential
and commercial areas in the flood plain of the San Lorenzo River.
3.2.1. Project Background
The city of Santa Cruz has a long history of strong environmental action and is a leader
in coastal climate change resiliency planning. In 2011, the city developed the first Local
Hazard Mitigation Plan (LHMP) in California to include SLR projections and adaptation
strategies. In 2012, the city completed a climate change vulnerability assessment [90] that
included distinct measures to bolster resiliency. In 2016, Santa Cruz prepared a coastal
climate change analysis incorporated into the Climate Adaptation Plan adopted in 2018,
projecting the spatial and temporal extent of erosion, SLR and coastal storm flooding [91]
and refined resiliency actions to 44 distinct measures. A major finding was that by the end
of the century, there are an estimated $1B in infrastructure and property assets projected to
be exposed and vulnerable to the sea level [91].
Following the adoption of the city’s revised LHMP [92] and Climate Adaptation Plan
Update in 2018, two new projects were initiated under the city’s Resilient Coast Santa Cruz
Initiative. Commencing at the start of 2019 and concluding in the spring of 2021, the two
projects are the West Cliff Drive Adaptation and Management Plan and the Local Coastal
Program (LCP) Amendment to include policies for beach access and protection.
West Cliff Drive is a nearly three-mile multi-modal scenic corridor running three
quarters of the length of the city’s coastline. The West Cliff Drive Management Plan had
long been called out for development in the city’s LCP [93] (City of Santa Cruz, 1994) to
address how this city asset and the protective structures of its coastline will be managed
and adapted over time. However, funding and staffing had stalled previous efforts. A grant
from the California Department of Transportation enabled the city to gain the expertise
and capacity to build on the momentum and relationships it had developed through the
LHMP and Climate Adaptation Plan Update, both adopted in 2018. As the engagement for
this project was coordinated with the complementary LCP amendment project funded by
the Coastal Commission, the project benefitted from a dedicated engagement consultant at
no charge to the CalTrans project, resulting in two well-coordinated projects.
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Building on the city’s award winning Climate Adaptation Plan Update engagement,
the Resilient Coast team designed a living engagement plan for the Resilient Coast initiative
that resulted in over 1500 conversations with community members and stakeholders at
over 50 meetings and events to date [94]. The team employed a number of engagement
strategies, featuring the use of VR, to enhance engagement accessibility and creativity,
which became crucially important as the team pivoted to online engagement with the
advent of COVID-19. Promotion for each major engagement event was extensive and
materials were provided in English and Spanish. A Google analytics report indicates
that visits to the city’s Resilient Coast webpage increased 10-fold in the transition from
in-person to virtual engagement when compared with previous months [95].
3.2.2. VR Application
The goal of the VR experience uses in the Resilient Coast engagement were (i) to provide a novel and compelling tool to increase awareness on SLR and (ii) to gain community
feedback on coastal adaptation preferences. The VR experience supporting this initiative
were phase-developed and their English and Spanish versions can be accessed online,
through VR HMDs and mobile phone apps. The city, in collaboration with Virtual Planet
Technologies LLC, adapted an existing VR application proof-of-concept into the VR SLR Explorer. The experience runs in VR headsets to provide hyper-realistic visuals. See Figure 6
for sample images illustrating current conditions, King Tides, and SLR projections [94].

Figure 6. Cropped views from the 360◦ aerial images of Main Beach, Santa Cruz, CA included in the SLR Explorer Santa
Cruz; (a) summer of 2019; (b) king tides, 2019; (c) 0.73 m of SLR combined with 100-year storm.

In a community event using VR SLR Explorer, users were guided through the experi17 of 29
learned about coastal issues and solutions (Figure 7) to address SLR, and answered
survey questions on preferences and awareness-building.
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After experiencing the SLR Explorer VR experience at the Santa Cruz library, participants reported that “Having the control of the ocean rising makes it visceral”, “3D experience is much more powerful than photo models”, and “I was relatively aware already
but having point-of-view visuals is very impactful”.
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Community members had VR headsets available to view the 360 images depicting
projected shoreline change at the city of Santa Cruz’s iconic beaches and West Cliff Drive
(Figures 6 and 7). The project also leveraged grant funding from the American Geophysicist’s Union and California Coastal Commission to build adaptation solution designs into
the beta VR application and embed a survey to assess user awareness of SLR impacts and
preferences on adaptation options.
(a)The VR SLR Explorer application was adapted for use
(b) at Santa Cruz Public Library
branches. This project has enabled a broader reach and depth of engagement with the
Figure 7. Cropped views from the 360° aerial images of Main Beach, Santa Cruz, CA included in the SLR Explorer Santa
community, supporting the Resilient Coast Santa Cruz Initiative. At a three-month exhibit
Cruz; (a) conceptual images of a Living Shoreline adaptation approach; (b) conceptual image of a seawall as an adaptation
at the Main Library branch, over 200 library patrons viscerally experienced coastal changes
approach. As the beach cannot migrate inland due to seawall, with SLR, the beach would eventually drown.
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The preliminary results show that nearly 63% of users (74 out of 118) reported a
significant or very significant change in their awareness of SLR after participating in the
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VR experience. More than 46% of users (69 out of 149) agreed that adding a seawall
as a near-term solution for Mitchell’s Cove is the best approach for Santa Cruz and the
community. Nearly 65% of users (79 out of 123) agreed to some extent that adding more
sand and vegetated dunes in the near-term and adding a taller seawall in the long-term is
the best plan to protect Main Beach in Santa Cruz.
3.2.3. Next Steps
Survey data from the VR, mobile, and online experiences continue to be tracked and
used to inform future planning around SLR in Santa Cruz. Moreover, the city is currently
applying for grants to secure additional funds to expand VR application in two main
areas: visualization of adaptation pathways at the city’s sandy beaches and communicating
potential risks from inland flooding in the downtown area. Finally, a new study comparing
the use of VR vs. traditional SLR planning tools, such as two-dimensional maps, is being
prepared. The study will compare learning rates, knowledge retention, and adaptation
preferences, based on delivery medium.
3.3. City of Long Beach, CA
Communities across California are developing climate vulnerability assessments and
community adaptation plans to identify ways to reduce risks in the future. A contentious
adaptation option is managed retreat, defined as “the purposeful, coordinated movement
of people and assets out of harm’s way” [99]. In California, various communities are
deciding how, if at all, to build managed retreat into their plans for long-term resilience.
In some communities, the consideration of managed retreat in local plans collapsed even
before the community could begin to evaluate it as an adaptation strategy.
TNC in California teamed up with the Long Beach Aquarium of the Pacific (AOP)
to shape a community dialogue around SLR adaptation and the role of managed retreat
in one of California’s largest coastal cities, Long Beach. The goal of these dialogues was
to find ways of engaging residents that empower them to participate in the design of
future communities. Virtual Planet Technologies and TNC California developed a VR
experience with input from both stakeholders and the community to visualize SLR impacts
and potential solutions for Long Beach. This VR experience served as a tool to catalyze
community discussions about current and future risk and options for long-term resilience,
including controversial topics like managed retreat.
Long Beach, California sits on the southern edge of Los Angeles County, about 20
miles from the heart of the city of Los Angeles. A coastal city, Long Beach is home
to approximately 500,000 residents, with a popular waterfront and the second busiest
container port in the United States, second only to its immediate neighbor, the Port of Los
Angeles. Two major rivers, the Los Angeles and San Gabriel rivers, discharge to the Pacific
Ocean in Long Beach and are heavily altered and channelized. Once extensive systems of
coastal wetlands, much of the coastal area has since been filled and developed. Oil and gas
were discovered in the 1920s, driving the development and industry at the time, a legacy
that is still apparent to this day.
King tides and coastal storms are already causing flooding in Long Beach. Near-term
SLR projections will exacerbate these challenges and lead to more frequent impacts to
the community. According to a vulnerability assessment conducted by the city of Long
Beach, approximately 1.3 million square feet of buildings in Long Beach could be exposed
to annual king tides by 2030. Approximately half of these buildings are residential (624,100
square feet) and half are commercial (689,600 square feet) [100]. In the long-term, there will
be permanent inundation of some areas, especially in the coastal communities of Alamitos
Bay in Long Beach, the focus of this case study. Alamitos Bay consists of the communities
of Belmont Shore, Naples island and the Long Beach Peninsula. Once a large system of
wetlands, Alamitos Bay is now home to about 40,000 people.
The city of Long Beach is developing the city’s first Climate Action and Adaptation
Plan to help the community reduce greenhouse gas emissions and prepare for the impacts
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of climate change, while also improving the quality of life and enhancing the economic
vitality of Long Beach [100] (city of Long Beach, 2020). In the plan, the city is considering strategies to adapt to the potential impacts from SLR and storms. AOP is a close
collaborating partner with the city of Long Beach, producing a first climate vulnerability
study for Long Beach [101] (AOP 2015), convening experts, and assisting with outreach
and public education.
3.3.1. Project Background
TNC has been working to ensure a more resilient coastline since 2007, recognizing
the critical role for nature to prepare coastal communities for more intense and frequent
flooding from climate-driven SLR. Nature can provide a buffer for communities, but
adequate space is needed to provide this protection. In California and lots of other places
around the country, communities have been built and continue to build right up to or in
coastal hazard zones. This is particularly true along the urban southern California coastline.
To protect communities and regain this critical buffer, it may mean keeping and perhaps
moving things out of harm’s way to restore nature’s protection. In June 2019, TNC in
California formally partnered with the Federal Emergency Management Agency (FEMA)
Region IX to develop ways for communities to protect themselves from natural disasters
using natural infrastructure solutions and to better understand the role of managed retreat
to realize community-scale risk-reduction. This effort focuses on testing communication
strategies and approaches that would motivate a community to plan for retreat from
SLR vulnerable houses before major disaster losses are incurred and while there is still
an opportunity to restore the natural coastal processes that could buffer more landward
development. TNC presented to the commissioners of the California Coastal Commission
in December 2019 to describe this effort and initial results and lessons learned that may be
useful in other communities in California and the agency’s approach to communicating
about managed retreat.
Long Beach was identified as a potential case study because the city had already
carried out a great deal of climate adaptation planning, and the issue of managed retreat
was already being discussed in community forums. TNC sought out a trusted local partner
who could help navigate the sensitivities of a community, in this case, AOP. AOP’s President
and CEO, Dr. Jerry Schubel, was already very active in the community on these questions
and worked extensively with city officials and the planning department on evaluating
vulnerabilities, bringing the best available science and information to bear, and engaging
the community through forums sponsored by the aquarium. TNC and AOP teamed up to
shape a community dialogue around SLR and pathways to a more resilient Long Beach,
both in the near term and for future generations. The focus was to bring to bear innovative
visualization tools, and different perspectives from the fields of design, economics, law,
policy and communications to stimulate productive conversations on the role of managed
retreat in adaptation and help the community envision the possibilities for a new Long
Beach, resilient to its future climate reality. It was important for both organizations to
establish and be transparent about their respective goals right from the beginning. Among
the goals that were shared was stakeholder empathy—that we were seeking to, first and
foremost, listen and hear from the community so we can better understand residents’
concerns about the future of the area and hear community perspectives on potential
scenarios to enhance resilience of the coastal area, including the possibility for managed
retreat and the appropriate circumstances when that might come into play.
3.3.2. VR Application
The development and use of the VR experience were important components to the
managed-retreat engagement project. Initial versions were shown to participants in project
seminars and focus groups to both open the discussion on SLR and gain input along the
way to improve the tool. TNC worked with Virtual Planet Technologies to develop the
Long Beach Sea Level Rise Explorer to visualize SLR impacts and potential solutions for Long

3.3.2. VR Application

Water 2021, 13, 1142

The development and use of the VR experience were important components to the
managed-retreat engagement project. Initial versions were shown to participants in pro20 of 29
ject seminars and focus groups to both open the discussion on SLR and gain input along
the way to improve the tool. TNC worked with Virtual Planet Technologies to develop
the Long Beach Sea Level Rise Explorer to visualize SLR impacts and potential solutions for
Long Beach Beach
and help
the public
around
these these
issues.
The purpose
of this
andengage
help engage
the public
around
issues.
The purpose
ofVR
thisexVR experience
perience waswas
not not
to scare
people
but to
realistic
understanding
of theofissue,
and toand to show
to scare
people
butcreate
to create
realistic
understanding
the issue,
show potential
solutions.
potential
solutions.
Since 2007, TNC
resilience
projects
focused
on working
climatewith
scientists
Sincecoastal
2007, TNC
coastal
resilience
projects
focused with
on working
climate scientists
and stakeholders
to develop and
SLR models.
They
to assist
localaim to assist
and stakeholders
to communicate
develop and about
communicate
about
SLRaim
models.
They
governmentslocal
in planning
and improve
public
of the growing
risks
andgrowing
chal- risks and
governments
in planning
andawareness
improve public
awareness
of the
lenges. Although
SLR modeling
continues
to advance,
the way
planners and
the public
challenges.
Although
SLR modeling
continues
to advance,
the way
planners and the
interact withpublic
and view
the results
tend
to remain
primarily
2D maps through
or GIS platinteract
with and
view
the results
tend tothrough
remain primarily
2D maps or GIS
While
these can
types
maps can
effective purposes,
for planning
purposes,
forms. Whileplatforms.
these types
of maps
beofeffective
forbeplanning
there
is somethere is some
indication
that
these
not very
at raising awareness
and generating
indication that
these are
not
veryare
effective
ateffective
raising awareness
and generating
support support for
adaptation
actions
with thepublic
general
public [24,25].
for adaptation
actions with
the general
[24,25].
TNC
and AOP
convened
events
to dateSLR
to increase
SLRThese
awareness.
TNC and AOP
convened
five
events tofive
date
to increase
awareness.
eventsThese events
included
three large
public
and two
focusfrom
groups
from October
to March 2020,
included three
large public
forums
andforums
two focus
groups
October
2019 to 2019
March
reaching
approximately
300 people.
At event,
each event,
the participants
hadopporan opportunity to
2020, reaching
approximately
300 people.
At each
the participants
had an
interact
with
in some
way.
first
large
public
seminar
October
2019, attendees
tunity to interact
with
VRVR
in some
way.
At At
thethe
first
large
public
seminar
in in
October
2019,
were
introduced
to the
project,
to VR,
heard
from
a leading
expert.
attendees were
introduced
to the
project,
to VR,
andand
heard
from
a leading
SLRSLR
expert.
Dr. Dr. Juliano
a presentation
VRearly
and development
early development
the
tool
forBeach
Long Beach [102].
Juliano Calil Calil
gave gave
a presentation
on VRon
and
of the of
tool
for
Long
Participants
were
also
able
to
put
on
the
VR
goggles
and
see
the
initial
aerial
visualizations.
[102]. Participants were also able to put on the VR goggles and see the initial aerial visuOver
100
people
attended
the
event,
and
it
was
live-streamed.
alizations. Over 100 people attended the event, and it was live-streamed.
November
2019,
AOP
and TNC
andthe
co-facilitated
first listening
In NovemberIn2019,
AOP and
TNC
co-hosted
and co-hosted
co-facilitated
first listeningthe
sessession
focus
with
18 residents
from the
vulnerable communities
in Alamitos
Bay to
sion focus group
with
18 group
residents
from
the vulnerable
communities
in Alamitos Bay
to
hear
community
concerns
about
SLR
and
their
thoughts
on
potential
solutions.
During
the
hear community concerns about SLR and their thoughts on potential solutions. During
listening
session,
every
participant
donned
the
VR
headset
and
experienced
an
early
version
the listening session, every participant donned the VR headset and experienced an early
ofLong
the Long
visualization
to provide
and reflections
the experience
version of the
BeachBeach
visualization
tool totool
provide
input input
and reflections
on the on
expe(Figure
9).
rience (Figure 9).

Figureof9.the
Residents
of thePeninsula
Long Beach
in a hearing
at the
the Pacific
Figure 9. Residents
Long Beach
in aPeninsula
hearing session
at thesession
Aquarium
ofAquarium
the Pacificof
having
a discussion on
having
a
discussion
on
the
experience
of
the
Long
Beach
VR
tool
(photograph
by
Juliano
Calil).
the experience of the Long Beach VR tool (photograph by Juliano Calil).

From a virtual
blimp
above blimp
Belmont
Shore
and Naples,
a cursor
From
a virtual
above
Belmont
Shore participants
and Naples, dragged
participants
dragged a cursor
to visualize how
different
extents
of SLR
mightofinundate
theinundate
coast (Figure
10). After
each
to visualize
how
different
extents
SLR might
the coast
(Figure
10). After each
participant had a chance to view the experience, the group reconvened to share reflections
and discuss the experience. A takeaway from this listening session was that VR made
visible the impacts of SLR that were missing in 2D maps of SLR. Participants shared that
the VR experience felt very realistic, and that it made more of an impact on them than
seeing 2D maps on paper. Some noted surprise that storm surge and SLR might affect
homes on the bayside on Ocean Boulevard, not just the ocean-front side of the peninsula.

Water 2021, 13, 1142

participant had a chance to view the experience, the group reconvened to share reflections
and discuss the experience. A takeaway from this listening session was that VR made visible the impacts of SLR that were missing in 2D maps of SLR. Participants shared that the
VR experience felt very realistic, and that it made more of an impact on them than seeing
21 of 29
2D maps on paper. Some noted surprise that storm surge and SLR might affect homes on
the bayside on Ocean Boulevard, not just the ocean-front side of the peninsula.

(a)

(b)

Figure 10.
10. Three-dimensional
Three-dimensional models
models as
as shown
shown in
the Sea
Sea Level
Level Rise
Rise Explorer
Explorer Long
Long Beach
Beach (a)
(a) Long
Long Beach
Beach Peninsula;
Peninsula; (b)
Figure
in the
(b)
Alamitos Park.
Alamitos Park.

Subsequent
providing different
different perspectives
perspectives on
on adaptation
adaptation and
and
Subsequent events
events focused
focused on
on providing
hearing
additional
reactions
and
input
on
the
VR.
A
team
of
design
students
from
the
hearing additional reactions and input on the VR. A team of design students from the ArtArtCenter
College
of Design
in Pasadena,
CApresented
[103] presented
design to
concepts
to
Center College
of Design
in Pasadena,
CA [103]
on designonconcepts
reimagine
reimagine
this area.public
Another
public
seminar
and focus
group
on engineering
sothis area. Another
seminar
and
focus group
focused
onfocused
engineering
solutions and
lutions and perspectives.
Afterthe
each
the VRteam
development
team
considered
comperspectives.
After each event,
VR event,
development
considered
comments
and input
ments
and
input
from
attendees
as
further
visualizations
were
developed
and
refined,
from attendees as further visualizations were developed and refined, and a script was
and
a script A
was
developed.
A final
nowtopostponed
due topandemic,
the COVID-19
pandeveloped.
final
convening,
now convening,
postponed due
the COVID-19
will focus
demic,
will focus
on discussion
legal,
real estate
and financing
that may
on discussion
around
legal, realaround
estate and
financing
options
that may options
enable managed
enable
managed
retreat
or long-term
resilience.pandemic
The COVID-19
pandemic
presents other
retreat or
long-term
resilience.
The COVID-19
presents
other challenges
to be
challenges
to the
be able
to share theand
VRconduct
experience
and conduct
outreach.
The team
is curable to share
VR experience
outreach.
The team
is currently
examining
ways
ensure more
safety
once itmore
is deemed
safe to
publicsafe
convenings,
including
rentlyto
examining
ways
to ensure
safety once
it hold
is deemed
to hold public
consanitizingincluding
devices and
protocols
for headsets,
and developing
a mobile
applicationaormobile
other
venings,
sanitizing
devices
and protocols
for headsets,
and developing
strategies toor
view
thestrategies
experience
whilethe
physically
distanced.
application
other
to view
experience
while physically distanced.
3.3.3. Next
Next Steps
Steps
3.3.3.
While this
this project
project has
has been
by the
the COVID-19
pandemic, halting
halting both
both ininWhile
been impacted
impacted by
COVID-19 pandemic,
person
outreach
events,
as
well
concerns
related
to
the
sharing
of
headsets,
the
team
person outreach events, as well concerns related to the sharing of headsets, the team is
is
preparing
options for
for the
preparing and
and evaluating
evaluating options
the rollout
rollout of
of the
the VR
VR experience,
experience, including
including safety
safety
protocols
protocols once
once it
it is
is deemed
deemed safe
safe to
to resume
resume in-person
in-person events
events and
and other
other strategies
strategies to
to share
share
the
VR
while
physically
distanced.
the VR while physically distanced.
Using VR
VR for
for community
community engagement
engagement in
important social
Using
in this
this project
project leads
leads to
to important
social science
science
questions
around
the
effectiveness
of
the
technology
in
engagement,
how
it
might
shape
or
questions around the effectiveness of the technology in engagement, how it might
shape
change perspectives around climate change and different types of solutions. Using some of
or change perspectives around climate change and different types of solutions. Using
the VR experiences, the team is looking to develop a research project to better understand
some of the VR experiences, the team is looking to develop a research project to better
why and how people choose to adapt, and how communication and tools, such as more
understand why and how people choose to adapt, and how communication and tools,
immersive visualizations, influence these decisions.
such as more immersive visualizations, influence these decisions.
Finally, in partnership with Virtual Planet Technologies, TNC is developing two
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other VR experiences aimed at communicating about resilience strategies to partners,
stakeholders, and the public. These include (1) a project looking at adaptation scenarios for
stakeholders, and the public. These include (1) a project looking at adaptation scenarios
Highway 1 and the railway through the coastal community of Moss Landing, CA, which
for Highway 1 and the railway through the coastal community of Moss Landing, CA,
also goes through the nationally important estuary of Elkhorn Slough, and (2) a project
which also goes through the nationally important estuary of Elkhorn Slough, and (2) a
in partnership with the Paradise Recreation and Parks District to better understand what
project
in partnership with the Paradise Recreation and Parks District to better understand
happened with the devastating Camp Fire and visualize whether open space around the
community would help to reduce future risk.
4. Main Findings and Discussion
While the field of VR for environmental education is still in its infancy, previous studies
have demonstrated the potential impact that experiencing environmental issues in VR can
have on promoting behavioral and emotional changes toward the environment [58–60].
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VR has also been argued to be a valuable tool to communicate environmental issues and
risks, and to plan adaptation strategies [61–63]. The three VR experiences on SLR presented
in this paper contribute to expanding the body of knowledge about how VR could be
concretely implemented in order to trigger discussion, reflection, engagement and action
toward SLR.
The experiences developed included some important features, such as long-term
coastal change based on scientific projections and coastal-scale visualizations, reported
as important when it comes to VR experiences for communicating and engaging with
environmental issues [63]. Moreover, they were developed by multidisciplinary teams
including virtual reality researchers, climate scientists, city officials, community organizers,
conservation practitioners, journalists, videogame developers, digital artists, and residents
from each community. All three applications include narrators that live in close proximity
to the areas portrayed in the experiences.
The presence of team members that were actual residents of the project locations was
a key success factor in both the development and use of the experiences. These members
were able to provide local knowledge and guide the development and artistic work to make
the VR environment more similar to the real locations. Local team members also ensured
that the physical hazard models and scenarios selected were consistent with those included
in community efforts and official plans (e.g., Local Hazard Mitigation Plans and Climate
Action and Adaptation Plans). Moreover, local team members helped to promote events
and facilitate discussions as they knew the community well and were highly engaged in
SLR issues.
These VR experiences were used almost 1000 times at nearly 20 community events
and were downloaded more than 2500 times across multiple platforms. Users of the VR experiences in the community events included residents, business owners, city staff, planners,
elected officials, and even people experiencing homelessness. While these are not extremely
high numbers, they represent a significant increase in the number of people engaging with
SLR planning when compared with traditional processes. In the examples discussed herein,
VR experiences were used to start hundreds of conversations about SLR impacts and
adaptation. Users and project team members engaged in conversations about SLR models,
the feasibility of adaptation options and their related costs and benefits, and the added
benefits that could result from using nature-based solutions. This finding corroborated the
study by Jude and colleagues (2015), in which a VR simulation enhanced communication
between coastal management organizations, stakeholders, and the public [63].
The comments from participants after going through the SLR VR experiences indicate
that these experiences enhanced SLR visualization. Participants reported that VR made it
possible to visualize the impacts of SLR that were missing in viewing 2D maps. They also
mentioned that the VR experience “felt very realistic, and that it made more of an impact
than seeing 2D maps on paper”. Other quotes related to enhanced visualization, obtained
from an anonymous survey conducted at the Santa Cruz library, included: “I study sea
level rise, but it really made it a reality”, “It’s not just words anymore”, and “It drives ‘real’
reality home”.
Additionally, when different content was presented in VR, the topics of conversation
with users that had just tried the experiences seemed to change. When only SLR scenarios
were shown, often the conversations led to questions around the models used and level
of uncertainty and/or accuracy. Similarly, Jude and colleagues (2015) found that the
application of VR in decision-making processes is often hindered by the technical outputs’
specificities [63].
On the other hand, when solutions were shown, the conversations led to questions of
feasibility and related costs. This finding corroborates the study by Judy and colleagues
(2015), which showed that using VR visualizations could improve the economic valuation
of changes on the landscape [63]. These effects, however, were not tested consistently, and
more research in this area is needed.
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Related to the above, participants reported that the VR experiences and the discussion
to follow were “highlights” of the forums and community events. For example, one
participant commented: “the casual, open forum helped make a difficult subject palatable”.
This indicates that compelling visuals and narrative framing can be effective in creating a
space for dialogue.
The level of interest in the VR projects was noteworthy. VR is still novel enough that
the mere presence of headsets at an event is enough to attract an audience. Most users
that tried these experiences had never experienced VR before. In addition to community
outreach applications, VR may also be a useful tool in fundraising and advocacy, bringing
awareness to climate change issues and conservation work more broadly. To the best
of our knowledge, the impact of VR on fundraising for environmental causes has not
yet been the subject of a thorough investigation but constitutes an important component
of sustainability.
In the three case studies presented here, users familiar with the locations portrayed
in VR seemed to have stronger emotional reactions than users not familiar with them.
This echoes Breves and Schramm’s findings about the potential detrimental impact of
immersiveness for issues that are already close to the users who might then consider it
“too close for comfort” [61]. It would be interesting to further investigate the reaction
from individuals living in these three locations compared to people who have not visited
these locations. However, after understanding and being emotionally connected to the SLR
issue, it is essential to promote action, mitigation, and adaptation strategies, particularly
when it comes to coastal areas’ decision-makers. It is not clear yet what the effects of these
experiences will be in relation to these topics.
In Turner Station, the process of selecting areas and getting images to build realistic and
immersive images resulted in the identification of more immediate issues for the community than initially thought. This is significant as the process of studying the area to develop
the VR experience initiated an important dialog that would not be happening otherwise.
In Santa Cruz, preliminary survey results showed an increase in awareness of SLR after
users participated in the experience. A more robust study would be needed to investigate
understanding, knowledge retention, and long-term engagement resulting from these VR
experiences.
The very low number of users that accessed the Spanish version of the Santa Cruz VR
experience indicates that more work is required in the city to reach the Spanish-speaking
community, one of the most vulnerable to SLR according to projections [91].
In the Long Beach project, the team found that developing renderings of long-term
adaptation solutions that appropriately balanced realistic options and visionary concepts
was very challenging, as stakeholders could not agree on the details of the final visuals nor
the narration to accompany them. Jude and colleagues (2015) reported similar challenges
when developing a VR experience to visualize coastal changes related to climate change [63].
The authors report coastal managers’ concerns regarding the level of detail of the visuals
presented and technology’s limitations [63]. In the end, the long-term adaptation image
showing the Long Beach Peninsula restored to its natural state as a wetland with the actual
houses was removed from the published experience.
Limitations and Future Research
It is important to note that the case studies presented here were not designed to
formally collect experimental data regarding the efficacy of VR vs. other methods of
communication related to SLR. Except for the Santa Cruz VR experience, where very basic
data were collected, the discussion was based on the teams’ experiences and were listed as
preliminary findings. The use of structured surveys and dedicated focus groups must be
used to further explore and confirm or rebut our preliminary findings.
As environmental issues are an urgent matter that should be tackled collaboratively
by communities, understanding the role that technologies can play in informing, educating,
and fostering action among the public is essential and still under-studied for the moment.
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We encourage future research to investigate the use of multiple communication media
to evaluate what delivery methods and message frames are most effective at enhancing
positive attitudes and preferences about adaptation to SLR including managed retreat.
Furthermore, new research could also focus on communities that are still not aware—or
not yet interested—in the local impacts of SLR.
Future studies should focus on important research questions that remain unanswered.
One such question is related to the potential impact of information delivery method (i.e.,
printed materials, two-dimensional videos, or VR) on users’ coping responses towards SLR.
One approach to answer this question would be to build on the findings from Zaalberg
and Midden (2013), which argued that, similarly to people with direct flooding experience,
people that experience flood in more realistic simulations also show a higher intent to
purchase flood insurance and to evacuate from at-risk areas [23]. A future study could
test the hypothesis that visualizing SLR, coastal erosion, and flooding in VR would result
in different coping responses (i.e., intent to evacuate from at-risk areas, purchase flood
insurance or even permanently relocate from at-risk areas) when compared with traditional
visualization methods (such as aerial photographs and maps). Tools such as the Sea Level
Rise Explorer experiences discussed here could be used to support this research.
One proposed methodology to investigate these questions would be to conduct a
study with three focus groups. First, participants of all three groups would watch the same
introductory video about climate change and coastal impacts on a television screen. Next,
each group would visualize SLR and coastal erosion impacts for the same location delivered
in three different ways (all groups would listen to the same audio narration throughout
the experiment). Group 1 would be presented with printed and audio materials only;
group 2 would watch a film with high-definition aerial images on a television; and group
3 would participate in a VR experience with immersive images. After the experiment,
all participants would answer the same questionnaire designed to measure emotional
reactions, coping responses, and short-term knowledge retention. The objective of this
proposed study would be to detect statistically significant variations in responses based
on the information delivery method. Moreover, to increase rigor, future studies should
include participants from large and diverse samples, follow those samples over time, and
focus on behavioral measures, in addition to verbal and self-reported ones.
Finally, future studies related to the application of VR in SLR communication, engagement, and outreach should include social science components to investigate learning rates,
short- and long-term knowledge retention, as well as to measure the impacts of framing
the issues and solutions in different ways on future actions related to SLR engagement
taken by participants.
5. Summary
This study contributes to expanding the body of knowledge about how VR could
be used to trigger community discussion, reflection, engagement, and action toward
SLR in real-life cases. The objective of this study is twofold: first, it presents three VR
experiences developed by multidisciplinary teams aiming at enhancing environmental
literacy, particularly SLR-related issues; second, those experiences are used to communicate
about coastal hazards in collaboration with three coastal communities—Turner Station,
MD; Santa Cruz, CA; and Long Beach, CA. These immersive and interactive experiences
included important features, such as hyper-realistic visualizations of coastal changes,
reported as critical to VR experiences that communicate environmental issues [63]. As of
February 2021, nearly 1000 people tried these experiences at various outreach events—a
significant increase in the number of people engaging with SLR planning when compared
with traditional processes—and nearly 2500 users had installed these applications across
multiple platforms. We expect these numbers to increase as we continue to promote and
deploy these experiences at future events.
The main findings from these three case studies include: (i) in Santa Cruz, nearly 63%
of users of VR at a library display (74 out of 118) reported a significant or very significant
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change in their awareness of SLR after participating in the VR experience; (ii) immersive
solutions can bring attention to new, and sometimes unexpected, topics. In Turner Station,
the realistic 360◦ images developed resulted in an important dialog about community
resilience that could not happen otherwise; (iii) including local team members was a
critical success factor across these three projects. They added legitimacy and trust to the
process, made sure the VR tools represented cultural aspects of each community properly,
promoted the project and various community events, and ensured the physical hazard
models and scenarios selected were consistent with those included in other community
efforts; (iv) it is hard to build consensus around controversial topics. In Long Beach, a longterm adaptation image—showing the area restored to its natural state as a wetland—was
ultimately removed from the final version of the published experience; (v) VR is still novel
enough that the mere presence of headsets at an event is enough to attract an audience;
(vi) users familiar with the locations portrayed in VR seemed to have stronger emotional
reactions than users not familiar with them.
Finally, our findings corroborate the findings from Jude and colleagues (2015) that
compelling visuals and narrative framing can be effective in creating a space for dialogue,
and VR simulations enhance communication between coastal management organizations,
stakeholders, and the public [63].
Author Contributions: Conceptualization, J.C.; Methodology, J.C., G.F., A.C.M.Q. and J.N.B.; Project
administration, J.C.; Software, J.C. and P.S.; Supervision, J.C., G.F. and J.N.B.; Visualization, J.C.
and P.S.; Writing—original draft, J.C., G.F., A.C.M.Q., P.S., K.L.L., A.G.N.M., T.W.-W. and J.N.B.;
Writing—review and editing, J.C., G.F., A.C.M.Q., P.S., K.L.L., A.G.N.M., T.W.-W. and J.N.B. All
authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Kulp, S.A.; Strauss, B.H. New elevation data triple estimates of global vulnerability to sea-level rise and coastal flooding. Nat.
Commun. 2019, 10, 4844. [CrossRef] [PubMed]
Sweet, W.V.; Marra, J.J.; Dusek, G. 2016 State of U.S. High Tide Flooding and a 2017 Outlook; National Oceanic and Atmospheric
Administration: Washington, DC, USA, 2017; Volume 2016, pp. 1–8.
Colgan, C.S.; Calil, J.; Kite-Powell, H.; Jin, D.; Hoagland, P. Climate Change Vulnerabilities in the Coastal Mid-Atlantic Region;
Middlebury Institute of International Studies at Monterey: Monterey, CA, USA, 2018.
Sweet, W.; Dusek, G.; Carbin, G.; Marra, J.; Marcy, D.; Simon, S. 2019 State of U.S. High Tide Flooding and a 2020 Outlook; National
Oceanic and Atmospheric Administration: Washington, DC, USA, 2020; p. 24.
United Nations. United Nations Sustainable Development Goals. Available online: https://sustainabledevelopment.un.org/
(accessed on 3 February 2021).
Longo, S.B.; Clark, B. An Ocean of Troubles: Advancing Marine Sociology. Soc. Probl. 2016, 63, 463–479. [CrossRef]
Jones, C.; Hine, D.W.; Marks, A.D.G. The Future is now: Reducing Psychological Distance to Increase Public Engagement with
Climate Change. Risk Anal. 2017, 37, 331–341. [CrossRef] [PubMed]
Guest, H.; Lotze, H.K.; Wallace, D. Youth and the sea: Ocean literacy in Nova Scotia, Canada. Mar. Policy 2015, 58, 98–107.
[CrossRef]
Bamberg, S.; Moser, G. Twenty years after Hines, Hungerford, and Tomera: A new meta-analysis of psycho-social determinants
of pro-environmental behaviour. J. Environ. Psychol. 2007, 27, 14–25. [CrossRef]
Kollmuss, A.; Agyeman, J. Mind the gap: Why do people act environmentally and what are the barriers to pro-environmental
behavior? Environ. Educ. Res. 2002, 8, 239–260. [CrossRef]
Spence, A.; Poortinga, W.; Butler, C.; Pidgeon, N.F. Perceptions of climate change and willingness to save energy related to flood
experience. Nat. Clim. Chang. 2011, 1, 46–49. [CrossRef]

Water 2021, 13, 1142

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.

34.
35.
36.
37.
38.
39.
40.

26 of 29

Bray, B.J.; Cridge, A.G. Can education programmes effect long term behavioural change? Int. J. Innov. Interdiscip. Res. 2013, 2,
27–33.
Clayton, S.; Devine-Wright, P.; Stern, P.C.; Whitmarsh, L.; Carrico, A.; Steg, L.; Swim, J.; Bonnes, M. Psychological research and
global climate change. Nat. Clim. Chang. 2015, 5, 640–646. [CrossRef]
Lang, C.; Ryder, J.D. The effect of tropical cyclones on climate change engagement. Clim. Chang. 2016, 135, 625–638. [CrossRef]
Van der Linden, S. The social-psychological determinants of climate change risk perceptions: Towards a comprehensive model. J.
Environ. Psychol. 2015, 41, 112–124. [CrossRef]
Li, Y.; Johnson, E.J.; Zaval, L. Local warming: Daily temperature change influences belief in global warming. Psychol. Sci. 2011,
22, 454–459. [CrossRef]
Bergquist, M.; Nilsson, A.; Wesley Schultz, P. Experiencing a severe weather event increases concern about climate change. Front.
Psychol. 2019, 10, 220. [CrossRef]
Whitmarsh, L. Are flood victims more concerned about climate change than other people? The role of direct experience in risk
perception and behavioural response. J. Risk Res. 2008, 11, 351–374. [CrossRef]
Joireman, J.; Truelove, B.; Duell, B. Effect of outdoor temperature, heat primes and anchoring on belief in global warming.
J. Environ. Psychol. 2010, 30, 358–367. [CrossRef]
Teovanovic, P. Individual differences in anchoring effect: Evidence for the role of insufficient adjustment. Eur. J. Psychol. 2019, 15,
8–24. [CrossRef]
Sterman, J.; Franck, T.; Fiddaman, T.; Jones, A.; McCauley, S.; Rice, P.; Sawin, E.; Siegel, L.; Rooney-Varga, J.N. WORLD CLIMATE:
A Role-Play Simulation of Climate Negotiations. Simul. Gaming 2015, 46, 348–382. [CrossRef]
Shriram, K.; Oh, S.Y.; Bailenson, J. Virtual reality and prosocial behavior. Soc. Signal Process. 2017, 304–316. [CrossRef]
Zaalberg, R.; Midden, C.J.H. Living behind dikes: Mimicking flooding experiences. Risk Anal. 2013, 33, 866–876. [CrossRef]
Palm, R.; Bolsen, T. Climate Change and Sea Level Rise in South Florida; Coastal Research Library; Springer International Publishing:
Cham, Switzerland, 2020; Volume 34, ISBN 978-3-030-32601-2.
Bolsen, T.; Palm, R.; Kingsland, J.T. Counteracting Climate Science Politicization with Effective Frames and Imagery. Neurogastroenterol. Motil. 2019. [CrossRef]
Merel, T. Why Virtual, Augmented, and Mixed Reality Are the 4th Wave of Tech. Available online: https://venturebeat.com/20
16/07/14/why-virtual-augmented-and-mixed-reality-are-the-4th-wave-of-tech/ (accessed on 9 February 2021).
Cook, A.; Jones, R.; Raghavan, A.; Saif, I. Tech Trends 2018. Available online: https://www2.deloitte.com/us/en/insights/focus/
tech-trends/2018.html (accessed on 10 November 2020).
Britannica Stereograph|Photography|Britannica. Available online: https://www.britannica.com/technology/stereograph
(accessed on 12 February 2021).
Weinbaum, S.G. Pygmalion’s Spectacles. Available online: https://www.gutenberg.org/files/22893/22893-h/22893-h.htm
(accessed on 9 December 2020).
Matthews, D. Why Smells Are So Difficult to Simulate for Virtual Reality. Available online: https://uploadvr.com/why-smell-isso-difficult-to-simulate-in-vr/ (accessed on 12 September 2020).
Brockwell, H. Forgotten Genius: The Man Who Made a Working VR Machine in 1957. Available online: https://www.techradar.
com/news/wearables/forgotten-genius-the-man-who-made-a-working-vr-machine-in-1957-1318253 (accessed on 12 September
2020).
Sutherland, I.E. The Ultimate Display. In Proceedings of the IFIPS Congress 65, New York City, NY, USA, 24–29 May 1965; IFIP:
New York City, NY, USA, 1965; Volume 2.
Sutherland, I.; Sproull, B. Ivan Sutherland and Bob Sproull Create the First Virtual Reality Head Mounted Display System:
History of Information. Available online: https://www.historyofinformation.com/detail.php?id=861 (accessed on 9 February
2021).
Unimersive NASA Is Using Virtual Reality to Train Astronauts. Available online: https://unimersiv.com/how-nasa-is-usingvirtual-and-augmented-reality-to-train-astronauts-37/ (accessed on 12 September 2020).
Sorene, P. Jaron Lanier’s EyePhone: Head and Glove Virtual Reality in the 1980s. Available online: https://flashbak.com/jaronlaniers-eyephone-head-and-glove-virtual-reality-in-the-1980s-26180/ (accessed on 5 October 2020).
Rosson, L. The Virtual Interface Environment Workstation (VIEW). Available online: http://www.nasa.gov/ames/spinoff/new_
continent_of_ideas (accessed on 4 January 2021).
VirtualWorldsLets VR Interface Overviews: Nintendo Virtual Boy. Available online: http://www.virtualworldlets.net/Shop/
ProductsDisplay/VRInterface.php?ID=148 (accessed on 12 February 2021).
Kohler, C. Virtual Boy, Nintendo’s Big 3-D Flop, Turns 15. Available online: https://www.wired.com/2010/08/virtual-boy/
(accessed on 12 October 2020).
Gleasure, R.; Feller, J. A rift in the ground: Theorizing the evolution of anchor values in crowdfunding communities through the
oculus rift case study. J. Assoc. Inf. Syst. 2016, 17, 708–736. [CrossRef]
Orland, K. Facebook Purchases VR Headset Maker Oculus for $2 Billion (Updated). Available online: https://arstechnica.com/
gaming/2014/03/facebook-purchases-vr-headset-maker-oculus-for-2-billion/ (accessed on 12 February 2021).

Water 2021, 13, 1142

41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.

54.
55.
56.
57.
58.
59.
60.

61.
62.
63.

64.
65.
66.

27 of 29

Statt, N. Facebook Has Oculus, Google Has Cardboard. Available online: https://www.cnet.com/news/facebook-has-oculusgoogle-has-cardboard/ (accessed on 12 February 2021).
PlayStation VR Launches This October, Priced £349.99/€399.99–PlayStation.Blog. Available online: https://blog.playstation.
com/archive/2016/03/15/playstation-vr-launches-this-october-priced-349-99-399-99/ (accessed on 11 February 2021).
HTC Vive Vive Now Shipping Immediately from HTC, Retail Partners Expand Demo Locations. Available online: https:
//www.htc.com/us/newsroom/2016-06-07/ (accessed on 12 September 2020).
Understanding Sensors: Magnetometers, Accelerometers and Gyroscopes–Virtual Reality Society. Available online: https:
//www.vrs.org.uk/virtual-reality-gear/motion-tracking/sensors.html (accessed on 12 February 2021).
Lang, B. An Introduction to Positional Tracking and Degrees of Freedom (DOF). Available online: https://www.roadtovr.com/
introduction-positional-tracking-degrees-freedom-dof/ (accessed on 9 February 2021).
Matney, L. 5 Million Google Cardboard VR Viewers Have Shipped. Available online: https://techcrunch.com/2016/01/27/5
-million-google-cardboard-vr-viewers-have-shipped/ (accessed on 4 January 2021).
Dempsey, P. The Teardown: HTC Vive virtual reality headset. Eng. Technol. 2016, 11, 80–81. [CrossRef]
Niehorster, D.C.; Li, L.; Lappe, M. The Accuracy and Precision of Position and Orientation Tracking in the HTC Vive Virtual
Reality System for Scientific Research. i-Perception 2017, 8, 2041669517708205. [CrossRef] [PubMed]
SuperData. SuperData XR Quarterly Update. Available online: https://www.superdataresearch.com/blog/superdata-xr-update
(accessed on 12 February 2021).
Jansen, M.; Beaton, P. The Best Augmented Reality Apps for Android and iOS. Available online: https://www.digitaltrends.com/
mobile/best-augmented-reality-apps/ (accessed on 9 February 2021).
Wertsch, J. Sociocultural Setting and the Zone of Proximal Development: The Problem of Text-based Realities. In Culture, Schooling,
and Psychological Development; Landsmann, L.T., Ed.; Ablex: Norwood, NJ, USA, 1991.
United Nations Educational, Scientific and Cultural Organization. Aspects of Literacy Assessment: Topics and Issues from the UNESCO
Expert Meeting; UNESCO: Paris, France, 2013.
Cava, F.; Schoedinger, S.; Strang, C.; Tuddenham, P. Science Content and Standards for Ocean Literacy: An Ocean Literacy
Update. 2005. Available online: http://coexploration.org/oceanliteracy/documents/OLit2004-05_Final_Report.pdf (accessed on
12 February 2021).
Ockwell, D.; Whitmarsh, L.; O’Neill, S. Reorienting climate change communication for effective mitigation: Forcing people to be
green or fostering grass-roots engagement. Sci. Commun. 2009, 30, 305–327. [CrossRef]
Zeppel, H. Education and conservation benefits of marine wildlife tours: Developing free-choice learning experiences. J. Environ.
Educ. 2008, 39, 3–18. [CrossRef]
Bailenson, J.N. Experience on Demand: What Virtual Reality Is, How It Works, and What It Can Do; W.W. Norton: New York, NY, USA,
2018.
Markowitz, D.M.; Laha, R.; Perone, B.P.; Pea, R.D.; Bailenson, J.N. Immersive Virtual Reality field trips facilitate learning about
climate change. Front. Psychol. 2018, 9, 2364. [CrossRef]
Hsu, W.C.; Tseng, C.M.; Kang, S.C. Using exaggerated feedback in a virtual reality environment to enhance behavior intention of
water-conservation. Educ. Technol. Soc. 2018, 21, 187–203.
Ahn, S.J.G.; Bailenson, J.N.; Park, D. Short-and long-term effects of embodied experiences in immersive virtual environments on
environmental locus of control and behavior. Comput. Hum. Behav. 2014, 39, 235–245. [CrossRef]
Chirico, A.; Scurati, G.W.; Maffi, C.; Huang, S.; Graziosi, S.; Ferrise, F.; Gaggioli, A. Designing virtual environments for attitudes
and behavioral change in plastic consumption: A comparison between concrete and numerical information. Virtual Real. 2020.
[CrossRef]
Breves, P.; Schramm, H. Bridging psychological distance: The impact of immersive media on distant and proximal environmental
issues. Comput. Hum. Behav. 2021, 115. [CrossRef]
McLean, J.H.; Taladay, K.; Dong, J. A VR Environment for Demonstrating the Impact of Sea Level. ACM Int. Conf. Proc. Ser. 2020,
553–554. [CrossRef]
Jude, S.; Mokrech, M.; Walkden, M.; Thomas, J.; Koukoulas, S. Chapter 10 Visualising Potential Coastal Change: Communicating
Results Using Visualisation Techniques. In Broad Scale Coastal Simulation: New Techniques to Understand and Manage Shorelines in
the Third Millennium; Springer: Berlin/Heidelberg, Germany, 2015; pp. 255–272. [CrossRef]
Virtual Planet Technologies LLC. Our Solutions. Available online: https://www.virtualplanet.tech/#our-solutions (accessed on
11 February 2021).
Virtual Planet Technologies LLC. Sea Level Rise Explorer: Turner Station on Oculus Go|Oculus. Available online: https:
//www.oculus.com/experiences/go/1882301038538245/ (accessed on 11 February 2021).
Virtual Planet Technologies LLC. Sea Level Rise Explorer: Santa Cruz on Oculus Go|Oculus. Available online: https://www.
oculus.com/experiences/go/3165869266816566/?ranking_trace=112079673253797_3165869266816566_SKYLINEWEB_ab489c3
b-f5b0-4174-9660-647a9eb14dc1 (accessed on 11 February 2021).

Water 2021, 13, 1142

67.

68.

69.

70.

71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.

84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.

28 of 29

Sea Level Rise Explorer: Long Beach on Oculus Go|Oculus. Available online: https://www.oculus.com/experiences/go/285452
9151320593/?ranking_trace=112079673253797_2854529151320593_SKYLINEWEB_68bc6701-d571-4df3-b770-52c9ab1bba7a (accessed on 11 February 2021).
Sweet, W.V.; Kopp, R.E.; Weaver, C.P.; Obeysekera, J.; Horton, R.M.; Thieler, E.R.; Zervas, C. Global and Regional SLR Scenarios for
the US; NOAA Technical Report NOS CO-OPS 083; National Oceanic and Atmospheric Administration: Silver Spring, MD, USA,
2017.
National Oceanic and Atmospheric Administration Sea Level Rise and Coastal Flooding Impacts. Available online: https://coast.
noaa.gov/slr/#/layer/slr/0/-11581024.663779823/5095888.569004184/4/satellite/none/0.8/2050/interHigh/midAccretion
(accessed on 9 February 2021).
United States Geological Survey Coastal Storm Modeling System (CoSMoS). Available online: https://www.usgs.gov/centers/
pcmsc/science/coastal-storm-modeling-system-cosmos?qt-science_center_objects=0#qt-science_center_objects (accessed on
9 February 2021).
The Nature Conservancy Coastal Resilience–Mapping Portal. Available online: https://maps.coastalresilience.org/ (accessed on
9 February 2021).
Unity Unity Real-Time Development Platform|3D, 2D VR & AR Engine. Available online: https://unity.com/ (accessed on
9 February 2021).
CA Coastal Commission. California Coastal Commission Sea Level Rise Policy Guidance; California Coastal Commission: San
Francisco, CA, USA, 2018; p. 307.
NOAA Detailed Methodology for Mapping Sea Level Rise Inundation; National Oceanic and Atmospheric Administration: Washington,
DC, USA, 2012; p. 5.
The City of Santa Cruz. City of Santa Cruz Climate Adaptation Plan: An Update to the 2007 Local Hazard Mitigation Plan; The City of
Santa Cruz: Santa Cruz, CA, USA, 2018; p. 57.
ESA PWA. Monterey Bay Sea Level Rise Vulnerability Assessment-Technical Methods Report; ESA PWA: Miami, FL, USA, 2014.
The City of Santa Cruz. West Cliff Drive Adaptation and Management Plan; The City of Santa Cruz: Santa Cruz, CA, USA, 2020.
The California State Coastal Conservancy Sea the Future. Available online: https://www.seathefuture.org/#/about (accessed on
10 March 2021).
Calil, J.; Reguero, B.G.; Zamora, A.R.; Losada, I.J.; Méndez, F.J. Comparative Coastal Risk Index (CCRI): A multidisciplinary risk
index for Latin America and the Caribbean. PLoS ONE 2017, 12, e0187011. [CrossRef]
Using Virtual Reality to Drive Home Climate Change Impacts: NPR. Available online: https://www.planetswater.com/usingvirtual-reality-to-drive-home-climate-change-impacts-npr (accessed on 15 July 2020).
Central Coast Wetlands Group (CCWG). Draft Urban Climate Adaptation Policy Implication & Response Strategy Evaluation; Central
Coast Wetlands Group: Santa Cruz, CA, USA, 2020.
U.S. Census Bureau QuickFacts: Santa Cruz City, California. Available online: https://www.census.gov/quickfacts/
santacruzcitycalifornia (accessed on 21 July 2020).
Barnard, P.L.; Erikson, L.H.; Foxgrover, A.C.; Hart, J.A.F.; Limber, P.; O’Neill, A.C.; van Ormondt, M.; Vitousek, S.; Wood, N.;
Hayden, M.K.; et al. Dynamic flood modeling essential to assess the coastal impacts of climate change. Sci. Rep. 2019, 9, 1–13.
[CrossRef]
Large Waves Cause Flooding Concern in Long Beach|ABC7-YouTube. Available online: https://abc7.com/long-beach-homesventura-county-coastal-flooding/4424477/ (accessed on 15 July 2020).
NPR “An Eye-Opener”: Virtual Reality Shows Residents What Climate Change Could Do. Available online: https://www.npr.
org/2019/11/24/779136094/climate-planners-turn-to-virtual-reality-and-hope-seeing-is-believing (accessed on 15 July 2020).
Diggs, L.S. The Histories of the African American Community of Turner Station and What Was the African American Community in
Sparrows Point, 1st ed.; Wheeler, E.A., Ed.; Uptown Press: Turner Station, MD, USA, 2003.
Johnson, L. Forward-From the Meadows to the Point, 1st ed.; Louis S. Diggs: Baltimore, MD, USA, 2003; ISBN 9780966341911.
Who We Are|The Nature Conservancy. Available online: https://www.nature.org/en-us/about-us/who-we-are/ (accessed on
9 February 2021).
City of Santa Cruz. Santa Cruz by the Numbers. Available online: https://www.choosesantacruz.com/data?section=quick-facts
(accessed on 2 February 2021).
Griggs, G.; Haddad, B. City of Santa Cruz City Climate Change Vulnerability Study; The City of Santa Cruz: Santa Cruz, CA, USA,
2011.
Kinzig, A.P. City of Santa Cruz Climate adaptation Plan Update 2018–2023. AIP Conf. Proc. 2018, 1652, 177–182. [CrossRef]
City of Santa Cruz. Local Hazard Mitigation Plan Five Year Update Adopted by the City Council; The City of Santa Cruz: Santa Cruz,
CA, USA, 2018.
City of Santa Cruz. City of Santa Cruz Local Coastal Program and Coastal and Land Use Policies and Maps; The City of Santa Cruz:
Santa Cruz, CA, USA, 1994.
City of Santa Cruz. Resilient Coast Santa Cruz. Available online: https://www.cityofsantacruz.com/government/city-departments/
city-manager/climate-action-program/west-cliff-drive-adaptation-and-management-plan (accessed on 2 February 2021).

Water 2021, 13, 1142

95.
96.
97.
98.
99.
100.
101.
102.

103.

29 of 29

The City of Santa Cruz Synthesis Summary of Outreach and Engagement. 2020. Available online: https://www.cityofsantacruz.
com/Home/ShowDocument?id=82212 (accessed on 2 February 2021).
Oculus VR Oculus Developer Dashboard. Available online: https://developer.oculus.com/manage/applications/316586926681
6566/analytics/ (accessed on 3 February 2021).
Apple App Store Connect. Available online: https://appstoreconnect.apple.com/analytics/app/r:20190903:20210210/152152233
0/metrics?annotationsVisible=true&chartType=ratio&measureKey=units&zoomType=month (accessed on 11 February 2021).
Android Dashboard|Sea Level Rise Explorer: Santa Cruz. Available online: https://play.google.com/console/u/1/developers/
5227043607631903519/app/4972171703153539573/app-dashboard?timespan=lifetime (accessed on 11 February 2021).
Siders, A.R. Managed Retreat in the United States. One Earth 2019, 1, 216–225. [CrossRef]
City of Long Beach. Climate Action + Adaptation Plan Proposed November 2020; City of Long Beach: Long Beach, CA, USA, 2020.
Schubel, J.; Lentz, J.A.; Qader, F.; Kishaba, A.; Bader, D.; Perkins, L.; Yam, E.; Kaneda, A.; Brown, L.; Pagan, B.R.; et al. City of Long
Beach Climate Resiliency Assessment Report; City of Long Beach: Long Beach, CA, USA, 2015.
Aquarium of the Pacific (AOP). Coping with Sea Level Rise with a Focus on Long Beach’s Peninsula and Belmont Shore.
Available online: https://www.aquariumofpacific.org/events/archive/coping_with_sea_level_rise_with_a_focus_on_long_
beachs_peninsula_and_belmont_shore (accessed on 3 February 2021).
ArtCenter. College of Design about ArtCenter. Available online: http://www.artcenter.edu/about/campus/overview.html
(accessed on 3 February 2021).

