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Foreword

Vi

A special relationship has always existed between
GIS and remote sensing, and it goes back to

the very beginning of our modern information
technology. In the 1960s and 1970s, computer
systems for GIS were big, expensive, and very slow
mainframes using punched cards, but nearly all
the foundation data layers in these early systems
came either directly or indirectly from imagery.
Right from the start, GIS and remote sensing were
complementary, like two sides of the same coin.
They were coevolving together.

In 1972, a revolution happened with the launch of
Landsat—the first commercial earth observation
imaging satellite. It continuously orbited the earth
and captured a new image of the same spot
about every 16 days. Because it was so high up, it
gave us an entirely different picture of our planet
and its patterns. It provided not only a new view;
it gave us a new vision of the possibility of what
GIS could become. And it started a revolution in
commercial earth observation that continues today
and is exploding now with hundreds—and soon

thousands—of smaller satellites, microsatellites, video

cameras from space, high-altitude drones, and more.

So where are GIS and remote sensing—these two
close allies for more than 50 years—going next?

For one thing, there's a big emphasis now on
simplicity and speed. It's clear that the future
belongs to the simple and quick. We're seeing
that modern technology is harnessing this amazing
array of globally distributed sensors into what is
popularly referred to as the Internet of Things, a
vast collection of dynamic, live information streams
that are feeding into and becoming the heart of
web GIS. Plus, this network operates in real time,

The ArcGIS Imagery Book

giving us access to what we might call the “Internet
of All My Things”"—and all on our own devices
through a new geoinformation model.

Although the technology powering this concept is
advanced, we comprehend it in practice because
we understand pictures. Einstein famously said,
“If | can't see it, | can't understand it.” We know
something when we can see it.

And now, all of these rapidly changing
developments combining imagery and spatial
analyses are opening up new chapters in the
history of GIS, as society is awakening to the power
of geography and the intuitive understanding that
imagery helps us “see” in all its forms.

We like to say that the map of the future is an
intelligent image.

Lawrie Jordan is Esri’s Director of Imagery and Remote
Sensing. He is a pioneer in the field of image processing
and remote sensing.

| © | Video: The map of the future

is an intelligent image
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How this book works

See the examples in this book come alive at TheArcGISImageryBook.com

The purpose of this book is to show you—the GIS
professional, app developer, web designer, or
virtually any other type of technologist—how to
become a GIS and imagery ace. Or put another
way, to become someone who is a smarter, more
skillful, and more powerful applier of image data
within a GIS. Imagery is suddenly a big deal, and
those who are adept at finding it, analyzing it, and
understanding what it actually means are going to
be in demand in the years ahead.

Audience

There are several potential audiences for this book.
The first is the worldwide professional GIS and
mapping community, the people who work with

maps and geospatial data every day, in particular
those who wish to do more with imagery in their GIS
applications. If you're a data scientist, cartographer,
part of a government agency staff, urban planner, or
other GIS professional, you already may be leveraging
the web and pushing geographic information out to
the public. You may already instinctively recognize the
inherent value of imagery as an amazing data capture
technology that integrates well with traditional vector-
based geospatial data.

Another audience includes people new to GIS with
an interest in things you can do with imagery—
people like amateur drone pilots flying missions

to map school campuses, real estate developers
planning redevelopment projects, or citizen
scientists and bloggers reporting about climate
change who are perhaps coming to GIS through an
interest in imagery.

Finally, this book will be of interest to people
who just love to explore the world and look
at fascinating pictures of the earth. For these

“armchair” geographers and the rest, this

book and the electronic companion found at
TheArcGISImageryBook.com offer a wealth of
gorgeous and sometimes troubling images as

well as links to powerful imagery-based web apps
and maps that weave interesting stories about our
planet. The only prerequisite to benefit from this
book is a desire to better understand your world
through imagery and mapping, plus a roll-up-your-
sleeves attitude.

Learn by doing

This is a book that you do as well as read, and all
you really need is a personal computer with web
access. The adventure starts when you engage
yourself in the process by opening the links,
exploring maps and apps that others have made,
and then doing the lessons to create your own
maps and apps. These resources (over 200 maps,
apps, videos, and images in all) are hyperlinked at
TheArcGISImageryBook.com.

This is a book about applying imagery in ArcGIS,
the web GIS platform, and is the second in a series
of Big Idea titles. If you're new to GIS, you may
want to check out the first in the series, The ArcGIS
Book: 10 Big Ideas About Applying Geography

to Your World. While this volume is designed as a
stand-alone work, many readers will also find the
original book of interest.

A word on interactive content

When you see references in the text to interactive
web content, you will need to be in either the
web version or the interactive PDF version of this
book at www.thearcgisimagerybook.com.

vii
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These cloud patterns cast eerie shadows on the landscape
of southern Egypt. The clouds appear red and the desert
below hazy blue in this infrared rendition. The black circles
~ are center-pivot irrigated farms.
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Imagery Is Visible Intelligence
A geographic Rosetta stone

Geographic information system (GIS) technology is both intuitive and cognitive. It
combines powerful visualization and mapping with strong analytic and modeling
tools. Remotely sensed earth observation—generally referred to in GIS circles simply
as imagery—is the definitive visual reference at the heart of GIS. It provides the key,
the geographic Rosetta stone, that unlocks the mysteries of how the planet operates
and brings it to life. When we see photos of Earth taken from above, we understand
immediately what GIS is all about.




Imagery deepens understanding

Seeing is not only believing, but also perceiving

The story of imagery as an earth observation tool begins with photography, and in the early part of

the twentieth century, photography underwent extraordinary changes and social adoption. Photos not
only offered humanity a new, accessible kind of visual representation—they also offered a change in
perspective. The use of color photography grew. Motion pictures and television evolved into what we
know today. And humans took to the sky flying in airplanes, which, for the first time, enabled us to take
pictures of the earth from above. It was a time of transformation in mapping and observation, providing
an entirely new way of seeing the world.

World War II: Reconnaissance and intelligence gathering

During World War I, major advances in the use of imagery for intelligence were developed. The Allied
Forces began to use offset photographs of the same area of interest, combining them to generate
stereo photo pairs for enhancing their intelligence gathering activities. In one of many intelligence
exercises called Operation Crossbow, pilots flying in planes—modified so heavily for photo gathering
that there was no room for weapons—captured thousands of photographs over enemy-held territory.
These resulting collections required interpretation and analysis of hundreds of thousands of stereo-
photographic pairs by intelligence analysts.

These 3D aerial photographs enabled analysts to identify precise locations of highly camouflaged rocket
technology developed by Germany. This was key in compromising the rocket systems that were targeting
Great Britain, thus saving thousands of lives and contributing to ending World War Il. The BBC did an
excellent documentary on this subject (Operation Crossbow: How 3D glasses helped defeat Hitler).

¥ Stereoscopic imagery was instrumental in identifying the

| facilities of Nazi rocket programs. The photo above shows
stereo glasses used for viewing offset photo pairs. This

June 1943 photograph (left) was the first to reveal functional
weapons. Two V2 rockets 40 feet long are seen lying
horizontally at (B), but only in December was it realized that the
structure at (C) was a prototype flying-bomb catapuilt.

3 The ArcGIS Imagery Book
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1969: Dawn of extraterrestrial man
The first humans explore our moon

In the early 1960s, the majority of people would
probably have said it was impossible for a human
being to walk on the moon. But in July 1969, televised
images transmitted to Earth from the moon showed
Neil Armstrong and Buzz Aldrin bounding across the
lunar surface, proving that moon walking was more
than conceptually possible—it was happening right
before our eyes. Seeing was believing.

When Armstrong, Aldrin, and the ensuing lunar
astronauts pointed their cameras back at Earth, an
unexpected benefit became apparent: humanity
now had a completely new perspective about our
home planet—heralding the adoption and use of
earth imagery.

In December 1972, Apollo 17 astronauts captured this Astronaut Buzz Aldrin, from the Apollo 11 mission,
iconic photo of Earth from space—the famous “Blue on the moon in July 1969. Photo by Astronaut Neil
Marble” photograph, offering humanity a new perspective  Armstrong (visible in Aldrin’s face shield).

about Planet Earth and our place in the universe.

Chapter 1: Imagery Is Visible Intelligence 4
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1972: The Landsat program
Providing the first satellite images covering Earth

In 1972, the same space technology that was developed to put humans on the moon led to the launch
of the first Landsat satellite. The Landsat mission gave us extraordinary new kinds of views of our own
planet. This was a breakthrough system and the first civilian-oriented, widely available satellite imagery
that not only showed us what was visible on Earth—it also provided a view of invisible information,
unlocking access to electromagnetic reflections of our world as well. We could see Earth in a whole new
way.

This persistent earth observation program continues to this day along with hundreds of other satellites
and remote sensing missions as well. Nation states and, more recently, private companies have also
launched numerous missions to capture earth imagery, allowing us to continuously observe and monitor
our planet.

Landsat sensors have been continually generating and sharing pictures of the earth since the 1970s. Early on,
scientists were excited by the valuable new perspectives being generated. Today, huge numbers of satellites image
the earth thousands of times daily, creating a massive and virtual image catalog of our planet. Web GIS is tapping
into these images to enable practitioners to address a broad array of questions and challenges that we face as
Earth’s stewards.

5 The ArcGIS Imagery Book
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Show me my home!
2005: The human era of GIS begins

Little more than a decade ago, seemingly the whole world snapped awake to the power of imagery of
the earth from above. We began by exploring a continuous, multiscale image map of the world provided
online by Google and other mapping companies. A combination of satellite and aerial photography,
these pictures of Earth helped us to experience the power of imagery, and people everywhere began

to experience some of what GIS practitioners already knew. We immediately zoomed in on our
neighborhoods and saw locational contexts for where we reside in the world. This emerging capability
allowed us to see our local communities and neighborhoods through a marvelous new microscope.
Eventually, naturally, we focused beyond that first local exploration to see anywhere in the world. What
resulted was a whole new way to experience and think about the world.

These simple pictures captured people’s imagination, providing whole new perspectives, and inspired
new possibilities. Today, virtually anyone with Internet access can zero in on their own neighborhood
to see their day-to-day world in entirely new ways. In addition, people everywhere truly appreciate the
power of combining all kinds of map layers with imagery for a richer, more significant understanding.

Almost overnight, everyone with access to a computer became a GIS user.

Initially, we zoomed in on

our homes and explored our
neighborhoods through this
new lens. This experience
transformed how people
everywhere began to more
fully understand their place
in the world. We immediately
visited other places that

we knew about. Today, we
continue by traveling to
faraway places we want to
visit. Aerial photos provide a
new context from the sky and
have forever changed our
human perspective. This map
tour visits selected areas in
several communities where
ultra-high-resolution imagery
is available.

B
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Imagery expands your perspective

Seeing the visible, the invisible, the past, and into the future

Seeing is believing. Observing the world in colorful imagery is informative and immediate, delivering
stark visual evidence and new insights. Imagery goes far beyond what our own eyes are capable of
showing us—it also enables us to see our world in its present state. And it provides a means to look into
the past as well as forecast the future, to perceive and understand Earth, its processes, and the effects
and timelines of human activity. Amazingly, imagery even allows us to glimpse the invisible, to see visual
representations of reflected energy across the entire electromagnetic spectrum, and to thus make more
fully informed decisions about the critical issues facing Earth and all its life-forms.

The ArcGIS Imagery Book

Understanding seasonal climate patterns
Global imagery is collected continuously, enabling
us to witness our world in action. By combining
images from across the span of time, we can begin
to visualize, animate, analyze, and understand
Earth’s cycles, where we come from, and where we
are going.

Weather provides “breathing ranges of snow and ice”
for the planet, delivering precious water that enables
and sustains all living things. This image shows the
seasonal weather cycles of precipitation across the
North American continent.

Seeing beyond the visible

Imagery enables us to see beyond what our
human eyes perceive, providing new scientific
perspectives about Earth. Satellites have sensors
that measure nonvisible information, such as
infrared energy, across the electromagnetic energy
spectrum that enables us to generate and analyze
a multitude of new terrestrial views of our world.

This false color image over North Africa shows dry and
wet areas of vegetation moisture by looking at the near
infrared (band 5) and the shortwave infrared (band 6).
Warmer colors reflect arid areas in the map. The striping
pattern shows Landsat 8's scene footprints, illustrating
its continuous orbit of Earth and revisiting every scene
location roughly every 16 days.

Copyright © 2016 Esri. All rights reserved.
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Forecasting and tracking daily weather
Advances in imaging and weather observations
over the last decade have resulted in a dramatic
increase in the accuracy and precision of weather
forecasts. GIS integration of weather data for
operations management has expanded to benefit
farmers, emergency response teams, school
districts, utilities, and many others. The sensors
range from global weather satellites to ground-
based local weather instruments that allow experts
to monitor and forecast weather events like

never before. The sensor network has become
hyperlocal, allowing continuous forecasting of
weather events in our communities. We can

now access an accurate weather forecast for our
neighborhood for the upcoming hour.

This radar-derived layer for the US mainland from
AccuWeather shows precipitation in near real time.
These near real-time weather observations, along
with weather forecasting, are managed using image
observations.

Beyond the apparent

Imagery enables you to peer into the past as well
as combine historic views with current imagery.
Imagery comes in a very simple format, allowing it
to be easily overlaid with other maps and images
into a kind of layered “virtual sandwich.”

This unique spyglass app shows how the city of San
Francisco expanded beyond the historic coastline
settlement. With the city’s location along the San
Andreas Fault, expanding into the bay had its unique
challenges requiring construction engineers to push
piling down about 200 feet to bedrock.

Chapter 1: Imagery Is Visible Intelligence 8
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Thought Leader: Jack Dangermond
GIS now includes a complete image processing system

Since the early days in our field, GIS professionals performed image processing and GIS in separate
systems. For years, due to computing and storage limitations, these separate systems were necessary,
and some users required both. Users would perform image processing in their separate imagery system
to generate key data layers and then feed the results into their GIS. Even though both systems had
geographic foundations, we took it for granted that these were separate systems and tasks—we even
had separate people to run these systems. And each had their own communities and approaches. There
was a general expectation and understanding that imaging systems and GIS were separate technologies
but nonetheless closely linked.

From a practical point of view, however, this made little sense. Both technologies required a geospatial
framework for their information sets. Both systems managed these datasets as geographic layers. Both
provided layers that are georeferenced so they can be combined, mashed up, and overlaid with other

layers. Of course one integrated system makes sense.

Only recently have GIS and imagery been brought together in one integrated and complete system—
within ArcGIS. Part of this is the new image processing capabilities that have been added to ArcGIS. Big
image data processing and management now work seamlessly with the continuously expanding web of
earth observation data; drone missions; and new ground-, air-, and space-based sensors rapidly coming
online. The immediate new trend is the migration of these sophisticated processing capabilities onto the
massively scaleable cloud computing networks that enable ArcGIS to work with your big data collections.

ArcGIS

) Jack Dangermond discusses the
relevance of imagery to GIS

Jack Dangermond is president and founder of Esri, the
world leader in GIS software development.

9 The ArcGIS Imagery Book
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Imagery has so many uses
A range of applications

By now, it's apparent that imagery enables whole new perspectives and insights into your world and the
issues you want to address. Imagery also has numerous advantages and capabilities.

Almost daily access to new information

Image collection is rapid and increasing. And access to imagery is increasingly becoming more
responsive. Many satellites and sensors are already deployed with more coming all the time, collecting
new data, adding to a continuous collection effort—a time series of observations about our planet.
These image collections are enabling us to map, measure, and monitor virtually everything on or near
the earth’s surface. All of us can quite rapidly gather much of the data that we need for our work. Imagery
has become our primary method for exploration when we “travel” to other planets and beyond. We send
probes into space and receive returns primarily in the form of imagery that provides a continuous time
series of information observations. And it enables us to derive new information in many interesting ways.

Looking back in time

The use of aerial imagery is still relatively young. While imagery only began to be used in the twentieth
century, it is easy to compare observations for existing points in time that reside in our imagery
collections. In addition, we can overlay imagery with historical maps, enabling us to compare the past
with the present.

Imagery data collections are becoming richer every day

Imagery is creating an explosion of discovery. Many imagery initiatives are repetitive and growing,
expanding and adding to image databases for our areas of interest. ArcGIS is scaling out, enabling the
management of increasingly large, dynamically growing earth observations. This points to the immediacy
of imagery and its capacity for easy integration, enabling all kinds of new applications and opportunities
for use—things like before-and-after views for disaster response, rapid exploitation of newly collected
imagery, image interpretation and classification, and the ability to derive intelligence. Over time, many of
these techniques will grow in interesting new ways, enabling deeper learning about our communities, the
problems and issues we face, and how we can use GIS to address these.

Imagery enables powerful analytic capabilities
Imagery and its general raster format enable rich analysis using ArcGIS. And, in turn, these enable more
meaningful insights and perspectives about the problems we want to address.

Chapter 1: Imagery Is Visible Intelligence 10
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Working together at last
Combining GIS and image processing provides synergy

"

Imagery in all of its variations uses one of the key common data formats in GIS—something called rasters.
It is one of the most versatile GIS data formats. Virtually any data layer can be conveyed as a raster. This
means that you can combine all kinds of data with your imagery, enabling integration and analytics.

Rasters provide a host of useful GIS data layers

Rasters, like any digital photo, provide a data model that covers a mapped area with a series of pixels
or cells of equal size that are arranged into a series of rows and columns. They can be used to represent
pictures as collections of pixels, surfaces such as elevation or proximity to selected features, all kinds

of features themselves (in other words, points, lines, and areas), and time series information with many
states for each time period.

Classified land cover and land use Distance to water

5 =
Pal, ﬁ\?z o %
Walltrca: - CANEROOW

v L

Malabo

i

A proximity map showing distance from each cell or
Lot pixel to a reliable water source in a portion of West
Africa. Water access is vital for humans as well as wildlife
habitat. Streams are overlaid on the distance grid. Cells
Land cover around the western Mediterranean, from a in the grid that are closest to water are darker blue.
global raster dataset from MDA of the predominant land  Colors change as the distance from water increases.
characteristics at 30-meter resolution.
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Three-dimensional scenes Oblique perspective photos

Mont Blanc or Monte Bianco in the Alps between France and Italy. The
app features a 3D tour of interesting sites from around the world.

Elevation expressed as shaded relief Oblique imagery provides a special
. : . perspective view of real-world

features, presenting natural detail in
3D and enabling interpretation and
reconnaissance.
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New:

Time series information

A snapshot of a time-enabled
image map of monthly snowpack
observations from the NASA
Global Land Data Assimilation

System (GLDAS). This map contains
Global elevation displayed as shaded relief. This is part of a global cumulative snowpack depths for each

elevation layer compiled from best available sources worldwide. month from 2000 through 2015.
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Imagery is beautiful

Both informative and sublime

While imagery provides whole new perspectives, profoundly shaping our understanding, it's also clear that
imagery provides exquisite views of our world—truly stunning and beautiful works of art. They astonish
and amaze us, tapping into our emotions and the wonder of our world and new worlds we seek to
discover and explore. It's no accident that the US Geological Survey maintains a collection of Earth as Art.

Along Greenland’s western coast, a small field of Soaring, snow-capped peaks and ridges of the eastern
glaciers surrounds Baffin Bay. Himalaya Mountains create an irregular blue-on-red
patchwork between major rivers in southwestern China.

Snow-capped Colima Volcano, the most active Fed by multiple waterways, Brazil's Negro River is the
volcano in Mexico, rises abruptly from the surrounding Amazon River’s largest tributary. The mosaic of partially
landscape in the state of Jalisco. submerged islands visible in the channel disappears

when rainy season downpours raise the water level.
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Copyright © 2016 Esri. All rights reserved.


http://esriurl.com/11117
http://esriurl.com/11335

Earth from space
The power of a single image

In the run-up to the Apollo moon landings, Apollo 8 was the first mission to put humans into lunar orbit.
And on Christmas Eve 1968, coming around from the far side of the moon during their fourth orbit,
Apollo 8 commander Frank Borman exclaimed, “Oh my God, look at that picture over there! Here's the
Earth coming up! Wow, that is pretty!” Fellow astronaut Bill Anders grabbed his Hasselblad camera and
shot this now-famous image of Earth rising above the moon.

In his book Earthrise: How Man First Saw the Earth, historian Robert Poole suggests that this single
image marked the beginning of the environmental movement, saying that “it is possible to see that
Earthrise marked the tipping point, the moment when the sense of the space age flipped from what

it meant for space to what it means for Earth.” The power of imagery can be neatly summed up in the
story of this single photograph. Images can help us to better understand our planet, drive change, create
connections—and in some cases even start a movement.

It's one of the most frequently reproduced and instantly recognizable photographs in history. The US Postal Service
used the image on a stamp. Time magazine featured it on the cover. It was—and still is—"the most influential
environmental photograph ever taken,” according to acclaimed nature photographer Galen Rowell.
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Mapping the solar system
An effort reflecting humanity's seeking spirit

Since the first moon shots, astronaut-photographers from the world's space agencies have also been
turning their lenses away from Earth. GIS people, being the science fanatics they often are, have of
course found ways to map planetary bodies other than our home planet. In 2015, NASA announced to
the world that multispectral imagery taken from Mars-orbiting sensors had definitively ascertained the
presence of moving water on Mars—a milestone not lost on the GIS and image analysis community.

This map paints a picture of the dramatic Mars After a 3-billion-mile, nearly 10-year journey, on July

geography and all the surface missions that humans 14, 2015, the New Horizons interplanetary space probe

have carried out in exploration of the faraway red planet. became the first spacecraft to explore the dwarf planet
Pluto’s moon Charon.

Chapter 1: Imagery Is Visible Intelligence 16
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Quickstart

Connect with and deploy the ArcGIS platform

Now it's time get your hands on ArcGIS. If you're an existing user and already have an ArcGIS
subscription (with publisher privileges), as well as ArcGIS Pro installed on your local machine, you have
everything you need and can skip to the next page. If you don't yet have these two things, read on.

» Get a Learn ArcGIS organization
membership

The majority of lessons in this book are carried
out on the ArcGIS platform (in the cloud), and
require membership (with Publisher privileges)
in an ArcGIS organization. The Learn GIS
organization is available for students and others
just getting started with ArcGIS. With your
membership, you can immediately begin to
use maps, explore data resources, and publish
geographic information to the web. Go to the
Learn ArcGIS organization and click the Sign Up
Now link to activate a 60-day membership.

» Install ArcGIS Pro

ArcGIS Pro is a desktop application that you
download and install on your local computer.

It is licensed to you for 60 days through your
membership in the Learn ArcGIS organization.
Check the system requirements and then use the
download button below to install the software on
your local machine.

» System requirements

ArcGIS Pro is a 64-bit Windows application. To see
if your computer will run ArcGIS Pro, click check
the requirements.

Home Gallery Map Scene Groups

The

Learn ArcGI_S

organlzatlor}

Download ArcGIS Pro

Red Rock Canyon Hiking App Gresham Mixed Use

Development Analysis

Sign up now for your free account

Make maps, share your work, and access data for the projects on Learn ArcGIS.

usGs Hl::‘lnrlsc:ln;:ﬂr::gﬁpmc
The Learn ArcGIS organization
is set up specifically for

student use. You can join this
organization even if you already
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have another ArcGIS account.
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Learn ArcGIS Lesson

Get Started with Imagery

In this lesson, you'll explore Landsat imagery and some of its uses with the Esri Landsat app. You'll

first go to the Sundarbans mangrove forest in Bangladesh, where you'll see the forest in color infrared
and track vegetation health and land cover. Then, you'll find water in the Taklamakan Desert and
discover submerged islands in the Maldives. After using 40 years of stockpiled Landsat imagery to track
development of the Suez Canal over time, you'll be ready to explore the world on your own.

» Overview » Build skills in these areas:
Satellite imagery is an increasingly powerful tool * Navigating and exploring imagery
for mapping and visualizing the world. No other « Changing spectral bands to emphasize

method of imagery acquisition encompasses as
much area in as little time. The longest-running
satellite imagery program is Landsat, a joint
initiative between two US government agencies.
Its high-quality data appears in many wavelengths
across thg electromagnetic spectrum, > What you need:
emphasizing features otherwise invisible to the
human eye and allowing a wide array of practical

applications.
PP Start Lesson

Esri.com/imagerybook/Chapter1_Lesson

features

Tracking changes over time

Building your own band combination

e Estimated time: 30 minutes

This app allows you to navigate
the world with Landsat satellite
imagery. Landsat takes images
of the planet to reveal its secrets,
from volcanic activity to urban
sprawl. Landsat sees things on
the electromagnetic spectrum,
including what’s invisible to the
human eye. Different spectral
bands yield insight about

our precious and continually
changing Earth.
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The Nature of Remote Sensing

Information gathered from a distance

Remote sensing—the acquisition of information from a distance—has had a profound
impact on human affairs in modern history. This image of British Beach (the WWII code
name for one landing spot of the June 1944 Normandy invasion) taken from a specially
equipped US Army F5, reveals rifle troops on the beach coming in from various large
and small landing craft. Seven decades later—even as its application has expanded to
unimaginable reaches—remote sensing remains the most significant of reconnaissance
and earth observation technologies.




The view from above

The power of remote sensing

21

Humans have always sought the high vantage point above the landscape. Throughout history, whether

from a treetop or a mountain peak or a rocky cliff, the view from above allowed our ancestors to answer
important questions: Where is there water? Where is the best hunting ground? Where are my enemies?
Aerial photography was first practiced by balloonist Gaspard-Félix Tournachon in 1858 over Paris. With

the advent of both photography and practical airflight in the early twentieth century, the advantages of
having the high ground led to a quantum shift forward and the field of remote sensing was born.

The technology came of age rapidly during World War | as a superior new military capability. From 1914
to 1918, aerial reconnaissance evolved from basically nothing to a rigorous, complex science. Many of the
remote sensing procedures, methods, and terminology still in use today had their origins in this period.
Throughout World War Il the science and accuracy of remote sensing increased.

The next big evolutionary steps came with spaceflight and digital photography. Satellite technology
allowed the entire globe to be repeatedly imaged, and digital image management and transmission made
these expanding volumes of images more useful and directly applicable. Today's diverse human endeavors
require a steady flow of imagery, much of which finds its way onto the web within moments of capture.

The use of aerial
photography rapidly
matured during the First
World War, as aircraft
used for reconnaissance
purposes were outfitted
with cameras to record
enemy movements and
defenses. At the start of
the conflict, the usefulness
of aerial photography
was not fully appreciated,
with reconnaissance
being accomplished by
cartographers sketching
out maps from the air.

The ArcGIS Imagery Book
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Remote sensing capturing history

How remotely sensed images document stark truths

The first aerial photograph was taken in 1858, a century before the term “remote sensing” came into
existence. Long before satellites and digital image capture became available, people were taking
pictures of the earth’s surface from afar, documenting many crucial moments in history for posterity.

One of the earliest aerial photographs to gain world renown is of the ruins of San Francisco, California, after the
1906 earthquake. It is a 160-degree panorama taken from a kite 2,000 feet (610 m) in the air above San Francisco
that showed the entire city on a single 17-by-48-inch contact print made from a single piece of film. This image by
commercial photographer George Lawrence documented the extensive fire damage across the city.

e z < RPN

This Landsat 7 image of Manhattan on September 12, On October 14, 1962, American aerial photographs of
2001, shows the extent of the toxic plume spreading Cuba revealed missile erectors, fuel tank trailers, and
over large portions of New York and New Jersey. oxidizer tank trailers.
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Many platforms, many applications
Sensor altitude plays a role in determing purpose

Modern imagery is captured from a broad range of altitudes starting from ground level to over 22,000 miles
above Earth. The images that come from each altitude offer distinct advantages for each application. While
not meant to be an exhaustive inventory, this diagram breaks down some of the most commonly used
sensor altitudes:

Geosynchronous 22,236 miles

Satellites that match Earth’s rotation appear stationary in the sky to
ground observers. While most commonly used for communications,
geosynchronous orbiting satellites like the hyperspectral GIFTS
imager are also useful for monitoring changing phenomena such as
weather conditions. NASA's Syncom, launched in the early 1960s,
was the first successful “high flyer.”

Sun synchronous 375-500 miles
Satellites in this orbit keep the angle of sunlight on the

surface of the earth as consistent as possible, which

means that scientists can compare images from the same

season over several years, as with Landsat imagery. This is

the bread-and-butter zone for earth observing sensors.

Landsat 8

Atmospheric satellite 100,000 feet
Also known as pseudo-satellites, these unmanned vehicles

skim the highest edges of detectable atmosphere. NASA's
experimental Helios craft measured solar flares before

crashing in the Pacific Ocean near Kauai.




Jet aircraft 90,000-

Jet aircraft flying at 30,000 feet and higher can be 30,000 feet
flown over disaster areas in a very short time, making

them a good platform for certain types of optical and

SR71 Blackbird multispectral image applications.

General aviation aircraft 100-10,000 feet

Small aircraft able to fly at low speed and low altitude
have long been the sweet spot for high-quality aerial
and orthophotography. From Cessnas to ultralights to
helicopters, these are the workhorses of urban optical
imagery.

Cessna

e

Helicopter

Drones 100-500 feet

Drones are the new kids on the block. Their ability
to fly low, hover, and be remotely controlled offer
attractive advantages for aerial photography, with
resolution down to sub-1 inch. Military UAVs can be
either smaller drones or actual airplanes.

> 4

Ultralight

US Navy
Silver Fox

T Ground based/handheld Ground level

spectrometer Increasingly, imagery taken at ground level is finding its way
into GIS workflows. Things like Google Street View, HERE
streel-level imagery, and Mapillary; handheld multispectral
imagers; and other terrestrial sensors are finding applications
in areas like pipelines, security, tourism, real estate, natural
resources, and entertainment.

3DR Solo private drone

Smartphone

Street-level
mapping car




Imagery application trends
Remote sensing is already part of many industries

As the authoritative record of changing conditions on the ground, remote sensing imagery has a broad
array of applications in traditional terrestrial human activities that involve the management of land. As

such, industries like forestry, agriculture, mining, and exploration were among the early adopters of

remote sensing, funding its growth.

Precision agriculture

Information gathered during harvest, including yield at
any given location, helps growers track their results and
provides valuable input for calculating seeding and soil

Humanitarian aid

esri The U

Access to up-to-date imagery shows the creation of the
Zaatari refugee camp over a nine-day period in July 2012.
Designed to hold over 60,000 people, its population

amendment rates for the following year.

skyrocketed to over 150,000 before new camps relieved
some of the pressure. The story map The Uprooted tells
the tale.

Forestry

Mining

R

ates

Dynamic access to data on forests in Europe is derived
from the Corine Land Cover 2006 inventory. Corine means
“coordination of information on the environment.”

The geologic nature of the landscape comes to life
using earth-orbiting satellites.
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Natural disaster assessment Climate and weather study

This scene shows the destruction of Hurricane Sandy’s This short map presentation from NOAA answers many
storm surge in Seaside, New Jersey. The active swipe map  of the questions about the effects of El Nifio. Scroll
compares pre- and postevent imagery from the National down to learn more about this climate feature and its
Oceanic and Atmospheric Administration (NOAA). characteristics.

Oil and gas exploration

Development projects actively under construction in the  This geol
City of Pflugerville, Texas, are displayed here. Geological Survey relates themes of land use,
environmental protection, and economic development.

Urban planning

Urban Footprint The Urban Observatory
is an ambitious project
: g led by TED founder
% Richard Saul Wurman
to compile data that
allows comparision
of metro areas at
common scales.

P8R

Chapter 2: The Nature of Remote Sensing 26

Copyright © 2016 Esri. All rights reserved.


http://esriurl.com/11131
http://esriurl.com/11130
http://esriurl.com/11134
http://esriurl.com/11132
http://esriurl.com/11133

Measuring reflected

solar energy

Passive sensors capture light reflected across the spectrum

A passive imaging sensor captures energy reflected or emitted from the scene it views. Reflected sunlight
is the most common source of electromagnetic energy measured by passive sensors. These sensors
provide the ability to obtain global observations of Earth and its atmosphere.

Natural color is the workhorse of imagery. Well
suited for broad-based analysis of both terrestrial
and underwater features, urban studies, and
reconnaissance, natural color imagery is the most
familiar to a broad audience, and thus the most easily
understood.
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This map features MODIS satellite imagery from May 1, 2014,
near the South Sandwich Islands in the southern Atlantic
Ocean. The false color under the spyglass emphasizes snow
and ice versus cloud cover.

“

Color infrared

A color infrared image, composed of near infrared, red, and green
energy displayed as red, green, and blue highlights broad leaf
and/or healthier vegetation as deep red hues, while lighter reds
signify grasslands or sparsely vegetated areas.

HT]

Higher-resolution panchromatic images are created when the
imaging sensor is sensitive to a wide range of wavelengths of
light, typically spanning the entire visible part of the spectrum
stored and displayed as a single-band grayscale image. This
enables creation of smaller pixels on the sensor, and a sharper
image than the typical multispectral sensors on the same system.
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Measuring transmitted energy
Active sensors send and receive their own signals

An active sensor is an instrument that emits energy and senses radiation that is reflected back from
the earth’s surface or another target. It is used for a variety of applications related to meteorology
and atmosphere, such as radar to measure echoes from certain objects (such as rain clouds), lidar for
capturing detailed surface elevation values, and sonar to measure seafloor depth.

B NexRaDReficctance

2016-02.02 &:54 AM

Lidar is collected from systems mounted on aircraft Radar data has two primary strengths: it works in the
that gather up to 500,000 points per second, creating dark and it can see through clouds. This makes it ideal
large collections of dense and accurate elevation points  for intelligence gathering and weather tracking, like this
over a large area. The state of Oregon publishes free Next-Generation Radar (NEXRAD) application.

downloadable lidar, recognizing the community value.

In a global initiative led by NOAA, water column sonar data is collected by active acoustic (or sonar) technology from the
near surface to the seafloor. Since the ships are moving during the collection, the actual data ends up resembling a curtain
or sheet as seen here. NOAA and the other contributing academic and international fleets are making the data
available around the world to researchers and the public through this app.
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Eyes in the sky
The constellation of earth-orbiting satellites

There are over 3,300 earth-observing satellites orbiting the globe, and the number is growing
continuously. These myriad “eyes in the skies” are delivering an unprecedented payload of image data
into the hands of spatial analysts, finding application to virtually all aspects of human activity. They cover
low, medium, and high (geosynchronous) earth orbits. They're operated by government agencies (like
NASA and the European Space Agency) and by private companies (like Digital Globe and Airbus). They
cover all of the segments of the electromagnetic spectrum from ultraviolet to natural color to near, mid,
and thermal infrared, and active microwave sensors such as radar.

But space is getting crowded. In addition to the 3,000-plus active spacecraft, the world's space agencies
collectively track another 10,000-plus pieces of “space junk”—the spent boosters, battery-dead satellites,
tools dropped by astronauts, and other debris from various events and mishaps.

As private launching and microsatellites gain favor, we can expect the number of sensors to continue to
grow. The increasingly dense sensor grid offers promise for a wide range of applications, but it will bring
serious challenges when it comes to effectively utilizing and disseminating the unprecedented flow of raw
information.

Satellite Map

3,341 of 13,9718 satellites Ffound

This application maps the current location of about 14,000 man-made objects orbiting Earth.
The data is maintained by Space-Track.org, an organization that promotes space flight safety,
protection of the space environment, and the peaceful use of space by sharing situational
awareness information with US and international satellite operators and other entities.
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Other perspectives
Obliques and street level imagery chart a new course

Not all geography is from the top down. Oblique-angle views provide a unique perspective that has
particular application in reconnaissance and real estate, to name but two application areas. Street-level
imagery, popularized by Google Street View, is another rich form of spatial data that creates an immersive
and integrated navigation experience.

Obliques

Oblique aerial perspectives are able to depict the fronts and sides of buildings and locations on the ground. These
perspectives can be stitched together to create composite aerial maps that seamlessly span many miles of terrain.

Street level

Mapillary is a platform that turns street photos into 3D HERE Reality Lens is powered by high-quality, street-

maps for extracting geospatial data. Photos taken with level panoramic views and high-precision lidar data that
mobile phones or consumer-grade cameras can be allows you to perform accurate measurements on street-
stitched together and reconstructed within minutes for level data.

upload to Mapillary and then ArcGlIS.
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Image resolution versus ground accuracy

An important concept in imagery is that of ground resolution. Every image has a ground resolution,
typically expressed as distance on the ground. The imagery community refers to this as ground sample
distance (GSD). This cell resolution is a measure of a square cell’s height and width in ground units such
as feet or meters.

Pixel

%

GSD

A car is represented with three different pixel sizes or GSDs but displayed at the same scale. The more pixels on the
car or the smaller the GSD, the better fidelity to resolve the car. On the left you can identify that it is a sedan, on the
right you can merely detect that there is an object.

This image of the historic Mission Inn hotel in Riverside, ~ This image of the same area is captured at one-meter
California, is captured at approximately one-foot resolution. The difference in resolution is significant.
resolution. Click the image and zoom in as far as you One-meter resolution data is appropriate for capturing
can get. Each pixel represents about one foot on the and analyzing phenomena across larger areas of
ground. This type of imagery is appropriate for site- interest.

specific investigations and analysis.
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Thought Leader: Kass Green

Like a great piece of artwork, imagery reveals its
character and structure in complex ways—always
awe-inspiring, sometimes subtle, sometimes
puzzling. First comes the astonishment of its raw
beauty—stark glaciers in Greenland, the delicate
branching of a redwood’s lidar profile, a jagged
edge of a fault line in radar, the vivid greens of the
tropics, the determined lines of human impact,
the rebirth of Mt. St. Helens' forests, the jiggly
wiggly croplands of Asia and Africa, the lost snows
of Kilimanjaro. Each image entices us to discover
more, to look again and again.

After the first glimpse, we begin to explore.
What's creating that unique spectral response?
Why are the trees on north-facing slopes and
shrubs on south-facing slopes in this area? Are
the locations of different tree species related to
slope and elevation? Why did this house burn and
the one next door is untouched by flames? How
many people live in this village? What crops are
grown here? Will there be enough food to feed
these people? How did the landscape change so
dramatically? Who changed it?

Then, through the power of GIS, we discover the
connections. If we're lucky, we travel to the field
with our Collector apps to see for ourselves how
the landscape varies in relationship to the imagery
and other GIS layers. We use ArcGlIS to organize
and coregister the layers of information, and we
mine for the variables that are most predictive.
We learn how to tease out information about each
object’s location, height, shape, texture, context,
shadow, tone, and color from the imagery and
GIS data. And then we make maps—we inventory

resources and monitor how they change over time.

Imagery reveals its character and structure in complex ways

Imagery has been my ticket to the world. Through
it | have traveled the globe, heard amazing stories,
and met fascinating people—all passionate about
their endeavors and their communities. | am very
fortunate to have found the beauty of imagery, and
through it discovered the work | was clearly meant
to do.

As founder of one of the first commercial companies to
process Landsat data, Kass Green has been a leading
voice for remote sensing and GIS for over 20 years. Her
new Esri Press book Imagery and GIS: Best Practices for
Extracting Information from Imagery is scheduled for
publication in 2017.
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Quickstart

The best way to get going is to first get a sense of At the end of each story map, you'll find links to the
how imagery can be leveraged in the ArcGIS platform  source data that was used and some best practices
by seeing it in action solving real problems (or at for getting the data working properly in ArcGIS.
least informing those problems). The following story

maps provide guided, curated views into the world of

imagery and its important application to solving some

of the planet’s most pressing problems.

GLDAS: An
“ Landsat: Unlocking Unprecedented Look
Earth’s Secrets % - foai o at Earth's Water Cycle

In operation since 1972, Landsat s the longest running

program for acquiring satellite imagery of our Earth.

he earth in a unique way. It takes images
al earth's secrets, from

on the electromagnetic spectrum,
4 including what' e human eye.

Landsat takes imag: tion on earth once
every 16 days, 5o we can see how places change over

time,

Land is epicin scale. In 43 years, it has amassed
tabute of data, with more than 4 million scenes

Astorymap nv e &esri nv o &esri

MODIS: A Daily View of & A Living Atlas of the
Earth ‘

MODIS stands for MODerate Resolution Imaging

Y Spectroradiometer. The MODIS instrument is on
board NASA's Earth Observing System (EOS)
Terra (EOS AM) and Aqua (EOS PM) satellites.
The orbit of the Terra satellite goes from north
to south across the equator in the morning and
Aqua passes south to north over the equatorin e
the afternoon resulting in global coverage every
one to two days.

The EOS satellites have a 455 degree scanning
pattern and orbit at 705 km with 2,330 km
swath width. Although the resolution is coarser
than other satellites, this allows for a global
collection of imagery on a daily basis, which is

.~ made available In near real-time.

from the Land Atmosph.._6S5) A
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Learn ArcGIS Lesson

Study ecological land-use patterns in 3D using
data from the Living Atlas in ArcGIS Earth

» Overview
The Global Ecological Land Units (ELU) map
portrays a systematic division and classification
of the biosphere using ecological and
physiographic land surface features. Because
it's a global dataset, it is an ideal data source to
analyze using ArcGIS Earth.

In this lesson you'll open ArcGIS Earth, a

lightweight app to access and display ELU data
that will reveal patterns of change on Earth’s

ArcGIS Earth

surface. You'll analyze different areas of the
planet, and see how well your own notions of
these areas compare to the actual empirical data.

Build skills in these areas:
Navigating ArcGlIS Earth
Loading data from the Living Atlas
Accessing 3D KML data

» What you need:
ArcGlIS Earth
Estimated time: 15 minutes

Start Lesson

Esri.com/imagerybook/Chapter2_Lesson

h"' charder_LearnGIS (i)
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Defining Imagery
GIS and imagery are synergistic

For professional users, imagery and GIS have been perceived as complementary
forms of digital geography, but still largely independent. Users had one system for
GIS and another for image processing. An emerging big idea is that the two separate
threads are now essentially interwoven within ArcGIS, resulting in a far-reaching and
quite sudden expansion of image applications within the world of traditional
vector-focused GIS.




A GIS cornerstone

Anatomy of an image

Imagery has long been a cornerstone for GIS that contributed synergistically to a wide range of GIS
applications. In a very real sense, the broad and steady adoption of GIS over the decades has been
fueled by imagery and remote sensing. Ideal for creating photographic basemaps and a perfect
foundation on which to extract, trace, or otherwise digitize geographic features, imagery is the perfect
complement to vector GIS, which used points, lines, and polygons to represent geography.

ArcGIS is a comprehensive image integration machine that opens the door to using the thousands of
aircraft-, satellite-, drone-, and ground-based image sensors operating around the clock and around

the globe. These digitally captured observations fit into geographic space and are time-stamped for
temporal applications. The resulting information layers are being continuously added to the collective
GIS knowledge of the planet, enabling people who work with geographic information to do more, and to
do it faster and with wider impact.

In addition to its traditional GIS capabilities, ArcGIS also incorporates comprehensive image processing
system capabilities that support the application, use, and integration of imagery and remote sensing.

This synthesis is founded on a series of key unifying concepts that link imagery to GIS. This chapter
reviews these key concepts, reinforcing them with examples that help to communicate the power of
imagery in your GIS.

Cell-based imagery

Every image is composed of a
series of rows of cells (aka pixels)
that contain a value. The values
represented in each cell of an
image may be color pixels like
you see in any digital photo; a
series of observations like the
measures in a Landsat scene;
or other values that represent
thematic categories, surface
values such as elevation, or
analytical model results.
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Imagery layers are universal and varied

A raster is a grid of cells in a geographic space. The spaces within the grid are the cells. In a GIS, these
cells are referenced to real geography. This cell-based raster structure is used to store and manage

all imagery data. This fundamental grid structure makes raster data universal and useful for the
representation of virtually any kind of geographic information. This means that all kinds of data can be
integrated with imagery for mapping, advanced analysis, and data management.

True color aerial Elevation surface

Imagery along the Pelorus River Landsat 8 scene of the mountains Elevation surface of Mount St. Helens

in Marlborough, New Zealand. and canyons of Utah. This shortwave  derived from a satellite-acquired
This is part of a rich national infrared image is useful for studying digital elevation model (DEM) and
imagery dataset provided by Land vegetation health, change detection,  used to create a realistic hillshade.
Information New Zealand (LINZ). disturbed soils, and soil types.

Land cover Precipitation Flood inundation zones

" » .

Land cover rasters identify This time series map derived from This map of Charleston, South
different types of developed MODIS satellite imagery contains a Carolina, compares areas that are
areas, agricultural lands, forests, historical record showing the volume  vulnerable to coastal flooding with
and natural vegetation. Each cell of precipitation that fell during the same areas in a US Coast Survey
represents the predominating value ~ each month from March 2000 to the ~ map of the city from 1863.

covering that cell. present.
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Under the hood
Imagery contains metadata

Earth observation imagery, like any digital photograph, contains important metadata that enables
intelligent use of your information in ArcGIS. Software algorithms use this information to automate many
of the once-cumbersome technical steps of georeferencing imagery.

Digital photo metadata Imagery metadata
= M Y’ " File Name: MG_0400.PNG e
» File Type: Portable Network Graphics (%.png)

Location: N44.95080° W93.36773° Datum: NADS3

Size: 2.58 MB

Created: 0ct 31,2015 11:22:00 AM

Modified: Oct 31,2015 11:22:00 AM

Dimensions: 750 x 1334

Bit Depth: 24
Your digital photos contain metadata about the photo, Similarly, drone, aerial, and satellite imagery contains
including the date that the photo was taken, along with  detailed metadata items that enable more intelligent
the location of the camera—its geotag, which records use—the spatial reference (or location) of your image,
the GPS coordinates. creation date, amount of cloud cover, and other properties.

ArcGlIS puts this information to work with your imagery, creating automated, intelligent displays and
analytics.

Images have a geographic reference Coordinate system
The defining characteristic of GIS data is that all 6,000,000
layers are referenced onto the surface of the earth
(or other planets, if that's your study area). Imagery
data also has a spatial reference that enables it

to be overlaid and used with all other GIS layer
types. This is what makes ArcGIS a complete image
integration platform.

Rasters have a spatial reference that enables
5,900,500 .

NORTH

them to be registered onto the earth’s surface
and to be combined with other GIS data layers.

300,000 EAST 300,700

Coordinates are
300,000 E, 5,900,600 N
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Geography is an organizing key

Imagery aligns with other geographic layers
Images are GIS layers, too. Like all geographic information, they are georeferenced to a location on
Earth, which means they are registered with the other geographic layers in the GIS. This overlay capability
is the fundamental concept upon which GIS operates. When combined with other mappable data,

imagery transcends its status as merely a picture and becomes a true information source—data that can
be combined, compared, and analyzed with any other data layers for the same area.

33.746851, -118.321296

All layers register and align in a GIS, including imagery layers. Georeferencing of information
in this way is the hallmark of GIS and allows disparate types of information to be displayed,
combined, and analyzed in a common geographic space.
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An adaptable format
Any GIS layer can be represented as a raster

Once you realize rasters are just geographically aligned image files, they become the basis for a simple,
universally applicable data format. All imagery is managed simply as collections of rasters. In similar ways,
virtually any GIS dataset—uvector features, continuous surfaces, and time series information—can also be
represented using rasters.

In this way, GIS helps to organize and make sense of imagery. Unique datasets for a specific expanse of
geography (its scale and extent) form a layer stack (sometimes called a data cube), which enables you
to integrate an unlimited collection of independent layers. Consequently, imagery provides many of the
layers in every GIS and adds extraordinary power.

Rasters can represent surfaces Rasters can represent features
#77

This example shows the extremely variable and dramatic
elevation surfaces of southern Utah using the Landsat
Shaded Basemap.

Rasters can represent time
= SR

This diagram shows a stream segment as a vector

(the variable-width blue polygon in the lower view)
converted into a raster (along with other features)

in the upper view.

This web mapping application is designed to show the
monthly average snowpack depth for the year 2014.
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Orthorectified imagery

Using elevation to enable accurate image georeferencing

Imagery has an amazing amount of information, but raw aerial or satellite imagery cannot be used

in a GIS until it has been processed such that all pixels are in an accurate (x,y) position on the

ground. Photogrammetry is a discipline, developed over many decades, for processing imagery to
generate accurately georeferenced images, referred to as orthorectified images (or sometimes simply
orthoimages). Orthorectified images have been processed to apply corrections for optical distortions
from the sensor system, and apparent changes in the position of ground objects caused by the
perspective of the sensor view angle and ground terrain.

A view captured
from an oblique
angle (for example,
25°, left) must be
corrected for relief
displacement caused
by terrain to generate
the orthorectified
view (looking

straight down,

right). Orthoimagery
is produced by
calculating the nadir
view for every pixel.

The orthorectification process requires: An accurate description of the sensor, typically called the sensor
model; detailed information about the sensor location and orientation for every image; and an accurate
terrain model, such as the World Elevation service available from ArcGIS Online. After imagery has been
orthorectified, it can be used within a GIS and accurately overlaid with other data layers.
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Multispectral imagery

Enabling extrasensory perception

One of the most extraordinary types of imagery collected by remote sensing is multispectral imagery.
Each image is composed of data from a series of onboard sensors that collect small slices (or bands)
across the electromagnetic spectrum. The table below shows the complete list of wavelengths
(expressed as bands) that are collected by the Landsat 8 imagery according to what they capture. The
images below are examples of what you “see” by combining different bands into red, green, and blue
electronic displays or hard-copy prints.

Band 1 Coastal Aerosol Band 4 Red Band 7 Shortwave Band 10 Thermal Infrared
Band 2 Blue Band 5 Near Infrared Infrared 2 : Band 11 Thermal Infrared
Band 3 Green Band 6 Shortwave Band 8  Panchromatic

Infrared 1 Band 9 Cirrus

Image bands for Landsat 8 can be combined to create a number of scientific data layers used for research and
analysis. For details, visit USGS Landsat online.

Natural color Color infrared

The Natural Color (bands 4, 3, 2) combination of red, green, ~ Color infrared photography, often called false color

and blue is well suited for broad-based analysis of both photography because it renders the scene in colors

terrestrial and underwater features and for urban studies. other than those normally seen by the human eye, is
widely used for interpretation of natural resources.

Land and water interface Vegetation analysis

Landsat GLS Land and Water Boundary (bands 4, 5, 3) This 6, 5, 4 band combination shows irrigated vegetation
emphasizes the edges between land and water. as bright green. Soils appear as tan, brown, and mauve.
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Mosaic datasets

Collections of images

The recommended data structure within ArcGIS to manage and process imagery is the mosaic dataset.

A mosaic structure enables significant big data capabilities for large, even massive, image collections. Each
mosaic is composed of a number of related raster datasets, enabling you to keep your original individual
image files on disk and to access them as part of a larger, integrated single collection. Mosaics are used to
create a continuous image surface across large areas. For example, among other scenarios, you can use
mosaics to handle coverage of very high-resolution image files for an entire continent. Or you can manage
an entire historical map series for a nation for every year and every map scale. You can even manage

huge multidimensional collections of time series information for earth observations and climate forecast
modeling (often referred to as 4D). Creating mosaics is straightforward. You can point to a series of source
georeferenced image files and automatically assemble a mosaic in minutes where each image acts as a tile
within the collection.

Managing extremely large collections

On the left is a mosaic overview for areas around
Michigan, lllinois, and Wisconsin; a rural view of farms
is on the right. This mosaic dataset by the National
Agriculture Imagery Program (NAIP) contains well
over 400,000 individual image tiles and covers the
continental US. It includes the full information across
multiple bands for each NAIP image as well as
overviews for working with imagery at multiple scales.

Bringing historical collections to life

Image mosaics can also be made up of scanned historical
maps, like the Historical Topographic Map Explorer
containing 175,000 historic USGS maps accessible as an
image mosaic in ArcGIS Online. You can also georeference
your own historic maps and early aerial photographs and
assemble them into mosaics.

Analyzing multidimensional data

Multidimensional data is captured by location, by
ocean depth, and by date. Earth scientists often

refer to this data as 4D because it represents

location in three dimensions with time as the extra
dimension. Mosaic datasets help to manage and apply
multidimensional data.
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Rasters facilitate analysis

Assembling layer stacks

Rasters facilitate a broad array of sophisticated spatial operations and mathematical functions by
providing a simple, universal data format that facilitates virtually any kind of geographic dataset. In turn,
these enable simple workflows for performing all types of interesting and complex analytical operations
and computations. When raster cells are piled on top of each other, they become a kind of processing-
enabled data "stack.”

Any GIS data layer can be turned into a gridded dataset, assembled with other datasets, thus creating a
stack that can contain many layers, enabling you to combine data in useful analytic models.

Elevation
\L i \V\'
Land cover
i e O i |
“ =]

¢ ArE,
S ]
Slope e ]

l

Soils

Map algebra &
analytic functions

%I%

Your analysis
model result

Rasters enable powerful analytic capabilities. For example, rasters stack on top of one another,
enabling integration and useful overlay operations. And neighboring cells within a raster can be used
for calculating zonal statistics, proximity to selected features, surface modeling, and flow functions. In
addition, both 3D and time can be enabled analytically in significant ways.
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Combining rasters in models

Stringing together a sequence of operations

In ArcGIS, raster layers and tools are combined into a progressive model. Each raster analysis tool
performs a small, yet essential, operation on geographic data, such as combining layers with a weighted
overlay, calculating the distance from each cell to specific features, or tracing flow paths across a surface.
In turn, these derived layers can be fed into additional tools that generate further results. This enables
you to string together a sequence of operations and create your own spatial analysis algorithms. With
these you can use ArcGIS to model just about any kind of spatial problem you can think of.

How Models Work

Input T Result
Data LG

Analytical models execute
a sequence of tools.

Land-use
Suitability

Reclassify

Assign suitability values
to Land Cover types

T Compute Terrain
Focal Statistics Ruggedness
Compute and calculate Weighted Habitat
Terrain Ruggedness Overlay Suitability

T Compute

Euclidian Distance Assign relative

importance of inputs

Calculate the distance to
Major Roads from each cell

Protected
Lands

Reclassify

Assign suitability based on
conservation restrictions
and human activity

Geoprocessing is the methodical execution of a sequence of operations on
geographic data to create new information. The raster data type has some of the
richest tools for modeling and combining raster layers. The simplified habitat model
for mountain lions above is an example of the remarkable modeling and analytical
capabilities of rasters in ArcGIS.
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Case study: A new level of cool
The Arctic Ocean Basemap

Over the past few years, Esri's Ocean Basemap team has noted the world's scientific attention shifting
north. The receding sea ice and increased vessel traffic within the Arctic Ocean is coming front and center
in discussions within the marine and maritime communities. To support the communities, Esri's Ocean
Basemap team developed the Arctic Ocean Basemap.

The Arctic Ocean Basemap uses a polar projection that is optimized for this part of the planet. The
Lambert Azimuthal Equal Area projection centered over Alaska allows the Arctic Ocean Basemap

to interface seamlessly for polar-centric applications. It currently features data from numerous
oceanographic sources of authoritative bathymetric data from Esri's close-knit maritime community. Like
the Web Mercator version of the World Ocean Basemap, the Arctic Ocean Basemap consists of two map
services. In this web map, the base and reference services are combined to create a map “sandwich.”

Arctic Ocean Basemap - Sea Ice Extent

FOCN

@ Probability of at least or
i

ignificant
undiscovered oil accumulation (%)
8 Arcic Bathymetry Basemap

[ sea lce Index

W AMERIGA

i, DeLorme, GEBCO, NOAA NGDC, and other contributors | NOAA National Cente...

The Arctic Ocean Basemap (left) uses a special projection that is optimized for study of this region covering the
northern latitudes of the globe from 90 to 50 degrees north. This (and the companion imagery version) is designed
to be used as a basemap for overlaying other data for the Arctic region, such as this example (right) featuring sea
ice extent and oil exploration data on top of the polar basemap.
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Thought Leader: Dawn Wright

Imagery from beneath the waves

More than 1,500 people have climbed Mt. Everest,
upwards of 300 have journeyed into space, and

12 have walked on the moon, but only three

have descended and returned from the deepest
part of the ocean. Like Odysseus, we must go

to the sea in ships to explore our inner world.

To collect its imagery, we rely on sound sensors
aboard and remote sensors above and below.

We then rely on GIS to turn this wide variety of
data into information we can use: to map and
restore habitats, design protected areas, manage
deepwater fisheries, model tsunami run-up for
evacuation, respond to oil spills, improve port
navigation, and understand how storms erode
the coast. We also use it to discover. Our “new”
frontier is more than three billion years old, yet we
have barely mapped a tenth of it—and this at the
level of detail of a hiking map at a state park.

Still, the future of exploration of the deep, dark sea
looks brighter as it is upon us. We're developing
better sensors and analytics along with ways

they can bring out the best in each other. For
years, sensors on satellites and aircraft have been
great at seeing features on the water surface but
not under the waves. Airborne sensors rely on
electromagnetic energy, and the deeper down you
go (that surface-to-bottom concept known as the
water column), the more such energy becomes
distorted and dissipated. Sound waves, however,
can be transmitted through water both farther

and faster. So we've relied on waterborne acoustic
sensors to help us visualize the water column. We
use the sound signal’s intensity (backscatter) to
resolve the shapes of objects and the character

of the ocean floor. Heavily sedimentary areas are

Esri Chief Scientist Dawn Wright aids in advancing
the agenda for the environmental, conservation,
climate, and ocean sciences aspects of Esri's work.

usually nonreflective, for example, while lava flows
from recently erupted underwater volcanoes tend
to be glassy and extremely reflective. Metal objects
such as sunken ships and downed aircraft are also
reflective.

With acoustic sensing voyages, we've gained
imagery at the finest levels of detail, but such
systematic surveys have been too few. So we need
remote sensing via underwater videography and
photography as well, along with GIS to translate
different dimensionalities, resolutions, and
accuracies of data into imagery that allows for our
true understanding of inner space.

1

Watch a video: Dawn Wright and Jack
Dangermond discuss GIS and oceans
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Quickstart

Mining the Landsat mother lode

Landsat 8 data is available for anyone connected to the Internet.
Amazon Web Services (AWS) has made Landsat 8 data freely available
so that anyone can use on-demand computing resources to perform
analysis and create new products without needing to worry about the
cost of storing Landsat data or the time required to download it. All

Landsat 8 scenes from 2015 are available, along with a selection of Esri P!'esident :Jack Dangermond
cloud-free scenes from 2013 and 2014. All new Landsat 8 scenes are  describes the impact of Landsat
made available each day, often within hours of capture. The Change Matters website

Landsat sees the earth in a unique way. It takes images of every location in the world to reveal Earth's
secrets, from volcanic activity to urban sprawl. Landsat sees a broad range across the electromagnetic
spectrum, including what's invisible to the human eye. Landsat takes images of every location on Earth
once every 16 days, so we can see how places change over time.

Esri is actively participating in this initiative. Amazon is hosting one petabyte of Landsat imagery from
USGS on the Amazon Web Services cloud, making it accessible and usable for the GIS user community.
Esri has gone one step further and created a set of publicly accessible web services updated on a daily
basis. Each day, the latest Landsat 8 scenes are added and made directly accessible, along with the
previous scenes. These services are multispectral and temporal, providing not only the latest pretty
picture, but also the full information content from Landsat.

Landsat 8 Landsat 8 Views Landsat 8
PanSharpened 30m Multispactral 8 band Panchromatic
15m PanSharpened scenes 15m Panchromatic scenes

Natural Color scenes

Landsat GLS-2010
Image service of the
Landsat GLS 2010
dataset.

Tasseled Cap
Imagery

Useful for agriculture and
-  vegetation monitoring.

Hillshaded Basemap
Gorgeous 15m natural
color basemap.

Esri takes the Landsat imagery hosted on Amazon’s AWS cloud and makes it convenient and accessible to the
ArcGlIS user community. Shown above are some of the off-the-shelf, ready-to-use image services available.
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Learn ArcGIS Lesson

Assess Burn Scars with Satellite Imagery

During the summer of 2015, wildfires ravaged Montana’s Glacier National Park. When the blazes
subsided, the Montana Department of Forestry and Resource Management measurerd the burn scars
to quantify the damaged area. Burn scar measurements provide a baseline for forest regeneration and
vegetation succession. However, on-the-ground measurements can be difficult and impractical. Instead,
satellite imagery can form the basis of the measurements.

In this lesson, you'll assume the role of a geospatial scientist working with the Montana Department

of Forestry to analyze the damage in Glacier National Park. You'll first compare Landsat 8 imagery

from before and after the fires. Then, you'll change the band combination of the postfire imagery to
emphasize burn scars and make a qualitative judgment. Afterward, you'll quantify your assessment by
calculating a Normalized Burn Index (a ratio designed to highlight burned areas) from the imagery. Lastly,
you'll create a feature class to represent the burn scar, calculate its acreage, and publish it to ArcGIS
Online to share with the department.

» Build skills in these areas:
* Displaying different band combinations
* Creating a custom band combination
* Calculating a Normalized Burn Index
* Publishing layers to ArcGIS Online
» What you need:
* ArcGIS Pro

e Publisher or administrator role in
an ArcGIS organization

e Estimated time: 2 hours

Start Lesson

Esri.com/imagerybook/Chapter3_Lesson
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Perceiving the Imperceptible

Sensors give us superhuman eyes

~ humanly visible, allowing us to “see” across broad swaths of the electromagnetic spectrum.

This enables scientists, geologists, farmers, botanists, and other specialists to examine
conditions, events, and activities that would otherwise be hidden. The implications are
profound and the applications are seemingly endless.




Expanding your point of view

Every day, the earth is directly imaged from scores
of sensors in the sky and from orbit in space.
Almost everything that happens is measured,
monitored, photographed, and explored by
thousands of imaging devices mounted on
satellites, aircraft, drones, and robots. Much of this
information ends up as imagery that is integrated
into a large living, virtual GIS of the world,
deployed on the web.

Some of these sensors see beyond what our eyes
see, enabling us to view what's not apparent.
Multispectral imagery measures and captures this
information about a world that has many more
dimensions than just the colors of the rainbow—it
sees past the limits of what our eyes perceive.

Other active sensor technologies such as lasers
and radar beam out signals that are reflected

back at the speed of light, adding even more
information to the collective repository. Some
image sensors can see through clouds and under
trees. Some detect things too subtle for any of our
senses to distinguish. The richness and immediacy
of this information is leading to a heightened
understanding of the natural processes and human
activities that influence our communities and
environment. The ability to gather and exploit
these new information sources is increasingly
important to GIS practitioners.

This has been the mission of the remote sensing
community since the first camera went up in an
aircraft, and today the output from these sensors,
across all the spectral ranges, is absolutely essential
in enabling people to make better decisions.
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Multispectral data increases your depth of field

The new kinds of multispectral sensors used in
scientific work and analysis function the same way in
GIS as the traditional natural light scenes; the basic
principles are the same. These days, the speed and
extent of collection and transmission means that the
information is more immediate than ever, enabling
us to make vital comparisons in near real-time after
major man-made and natural events occur.

Web GIS is the nervous system for the planet, and
imagery across the spectrum plays a vital role.

Nicaragua’s Momotombo Volcano awoke with an
explosive eruption in December 2015. This false color
image highlights hot areas, primarily the lava flow that
extends to the northeast.
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Natural color imagery

The visible part of the spectrum

The camera on your phone is a sensor designed to capture photos—light and colors that represent
objects we recognize in the way we are accustomed to seeing. These photos are collections of pixels
expressed as the depth of red, green, and blue colors. Many aerial and satellite platforms capture images
in this same way—along the visible spectrum—resulting in what are essentially georeferenced pictures of
the earth from above. While not as exotic as some types of images, the value of natural color imagery is
exceptionally high.

Simply capturing a series of pictures of the visible landscape from the air delivers fresh insight and

helps us to understand many things within the framework of their geographic context and location.
Additionally, the growing number of sensors and frequency of capture is increasing the application value
of imagery and photography.

Patterns come alive

The World Imagery basemap (zoomed here to St. John’s, Egmont National Park, New Zealand, is home to Mount
Newfoundland) is the most commonly used basemap in Taranaki, a dormant volcano. The nearly circular boundary,
ArcGIS, with over two billion requests per week. Stitched which protects forested areas on the mountain’s slopes, is
together from dozens of sources and stored in the cloud, an example of patterns that emerge from exploring true
this imagery is cached and optimized for use from global color imagery. Click the image to explore a story map of
views down to high-resolution site views. circular patterns distributed across the globe.
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The electromagnetic spectrum
Seeing beyond the visible

In the early history of powered aircraft, aerial photographs—pictures of the earth from above—began to
be found useful for military and scientific applications. Quite quickly, imaging professionals and scientists
realized that it was possible to detect beyond what is visible to the unassisted human eye. Deeper

and richer information could be revealed by detecting waveforms from beyond the rainbow of visible
light, into the invisible. As it turns out, these hard-to-detect realms of the spectrum offered some of the
most meaningful insights. Hidden in these signals were previously unknown facts about Earth that have
enabled us to understand our world far more effectively than had been possible.

%030
We see visible light because our
eyes have receptors that are Electro-optical sensors

sensitive to red, green, and blue. capture what we see
m and more.

Radio Microwave Thermal = Middle Ultraviolet X-RaysGamma
Infrared | Infrared i Rays

The .
Electromagnetic
Spectrum

Many of these sensors measure
bands across the electromagnetic

St‘rf’f'r;";’:é’e ”earb':r‘:;ared t:ae: . Pt E;‘:‘Z spectrum and are known as Electro-
band Optic (EO) sensors. They record

energy wavelengths from the sun
that are reflected off or emitted from
everything on the ground. These
electromagnetic signals include
visible light, infrared, and other
frequency bands across the reflected
energy spectrum.
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Multispectral band combinations

Multispectral imagery measures different ranges of frequencies across the electromagnetic spectrum.
One way to think of these different frequencies is as colors, where some colors are not directly visible to
human eyes. These frequency ranges are called bands. Different image sensors measure different band
combinations. The longest-running and perhaps most well-known multispectral imaging program has
been Landsat, which began Earth image collection in the 1970s. By assigning data from three bands of
the sensor to the red, green, and blue channels of an electronic display (or printer for a hard copy), color
visualizations are created. Here are some examples of various alternate band combinations and their
applications.

Panchromatic

Panchromatic imagery, commonly known as pan, is
typically recorded at a higher resolution than the
multispectral bands on any given satellite. It remains a
critical source for many GIS applications as a reference
for basic interpretation and analysis. Pan is often
combined with other bands through a process called
pansharpening to generate higher-resolution scenes.

‘.
{

Agriculture Moisture index

The Normalized Difference Moisture Index (NDMI)
estimates moisture levels in vegetation where wetlands
and vegetation with high moisture appear as blue
growing to dark blue for higher moisture levels, and
drier areas appear as yellow to brown shades. Image
analysts often apply a formula to combine the selected
multispectral bands to calculate various indexes.

In the Agricultural band (combination 5, 4, 1) vigorous
vegetation appears bright green, healthy vegetation
appears as a darker green, and stressed vegetation
appears dull green.
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Multispectral imagery in action

Putting remotely sensed image data to work

Marine mammal detection

RGB | Processed Enhanced

For those involved with marine mammal surveillance, infrared analysis in both daytime and nighttime conditions
is an effective means of building accurate species inventories.

Coastal dynamics of erosion risk

The French organization Réseau
d'Observation du Littoral Normand et
Picard uses imagery for several platforms
to study the evolution of the coastline from
Normandy to Picard. Presented in French,
this stunning story map tracks the transit
of sediments, sands, and gravel in the
coastal strip as carried out by the action

of tidal currents, waves, and prevailing
wind. Coastal erosion is having a significant
impact on the beaches and cliffs.
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Monitoring severe floods

This comparison of two images in the west of Serbia shows two rivers overflowing extensively into the surrounding
fields following a major flood in 2014. The towns of Krupanj and Obrenovac in Serbia are completely flooded. The
ground and various parcels of land are completely hidden by water and mud. The image on the left is a TerraSAR-X
radar image taken the night the flooding started, already showing breaches in the earthen dams, followed by an
optical SPOT image (right) taken once the cloud cover reduced, and displaying the full devastation of the flood
breach. In contrast, the linked example shows the region unflooded nine months eariler vs. the worst day of the flood.

Mining imagery for mineral patterns

These views from near Tehran, Iran, show a natural color band image on the left and short-wave infrared (SWIR) image
on the right. Note how one particular rock top pops out in pink using the SWIR bands and is not as easily discernible
in the natural color band combination. The variation in rock types allows analysts to easily identify specific mineral
patterns, greatly narrowing the search areas for particular materials.
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Copernicus—Europe’s eyes on Earth

Copernicus is the European Space Agency’s (ESA) earth observation program to monitor how our planet
and its environment are changing. Finite natural resources are under pressure from our global population
growth, generating an ever-increasing demand for safe living space, fresh water, fertile land, and clean air.

To make effective decisions,

public authorities, policy makers,
businesses, and citizens need
reliable and up-to-date information
services. The Copernicus program
is founded on a dedicated
constellation of satellites named
the Sentinels—more than a dozen
will be launched into orbit over
the next 10 years, covering marine,
land, climate, emergency, security,
and atmospheric applications. The
first one—Sentinel-1A—is a polar-
orbiting, all-weather, day-and-night
radar imaging mission for land

and ocean services. It came online
in late 2014. The second radar
satellite, Sentinel-1B, launched
successfully in April 2016.
Sentinel-2A was launched in

June 2015 to monitor land and Landsat 8.
vegetation, as well as coastal

waters. This new satellite carries a high-resolution
optical instrument that covers 13 spectral

bands with a swath width of 290 kilometers. The
refined band sensitivity of the sensor means it's
particularly adept at monitoring urban sprawl and
land use, as seen in this image (right) of Rome,

Italy, taken in August 2016. Sentinel-1A over Gre_ghland

The combined image of the optical sensor, Sentinel-2A and the radar
sensor, Sentinel-1A, reveals the urban development and potential land
changes in Rome in 2016. The linked application compares Sentinel 2 vs

You can download the ESA app to watch the Watch a video of the
Sentinel satellites orbit the earth live. Search | (> . .

"ESA Sentinel” in the iTunes App Store or flight path of Sentinel-1A
Google Play on Android.

Copernicus program online
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Case study: The Landsat program

The Landsat program is the longest-running
enterprise for acquisition of satellite imagery of
Earth. On July 23, 1972, the first Earth Resources
Technology Satellite was launched. This was
eventually renamed Landsat. The most recent,
Landsat 8, was launched in 2013. The instruments
on the Landsat satellites have acquired millions
of images. Archived at Landsat receiving stations
around the world, these images are a unique
resource for global change research, agriculture,
cartography, geology, forestry, regional planning,
surveillance, and education. Historical archives
can be viewed through the USGS EarthExplorer
website. Through Landsat 7, the data has eight
spectral bands with spatial resolutions ranging
from 15 to 60 meters. Every part of the Landsat
coverage is rephotographed every 16 days.

In 1976, Landsat 1

(left, during final
assembly) discovered

a tiny uninhabited
island 20 kilometers

off the eastern coast of
Canada. This island was
thereafter designated
Landsat Island after the
satellite.

Landsat 8 added two additional bands. The

three key mission and science objectives for the
latest “bird” were to collect and archive medium-
resolution (30-meter per pixel) multispectral image
data affording seasonal coverage of the global
landmasses for a period of no less than five years;
ensure that Landsat 8 data is sufficiently consistent
with data from the earlier Landsat missions in terms
of coverage and spectral characteristics, output
product quality, and data availability to permit
studies of land cover and land-use change over
time; and distribute Landsat 8 data products to the
general public on a nondiscriminatory basis at no
cost to the user.

Landsat 8 delivered two new spectral bands, a deep
blue coastal/aerosol band and a shortwave-infrared
cirrus band, allowing scientists to measure water quality

° Video: Landsat data and improve detection of high, thin clouds.
E continuity mission overview
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The Baltic Sea faces many serious challenges, including toxic pollutants; deepwater oxygen deficiencies; and toxic
blooms of cyanobacteria affecting the ecosystem, aquaculture, and tourism. The images from Sentinel-2 show
features down to 10 meters across, revealing exquisite detail of an algal eddy. A ship (at point of arrow) can even
be seen near the center of the eye. The ship’s track is visible as straight dark feature where the algae have been
disturbed by turbulence created by the ship’s propellers as it mixes water in its wake.
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Finding the so-called “red edge”
Drone-borne multispectral cameras are revolutionizing agriculture

Multispectral remote sensing serves up radically new perspectives on crop health and vigor. The red
edge is the boundary between the (visible) red and (invisible to humans) near infrared (NIR), and it's
called an edge because the spectral profile of vegetation shows a dramatic rise in brightness from red to
NIR. When vegetation is stressed and the profile changes, the edge moves, and a narrow spectral band
at the right wavelength can detect a dramatic difference. MicaSense's RedEdge cameras are calibrated
for classic spectral bands of blue, green, red, and NIR, but also have a fifth band at 720 nanometers
explicitly to detect movement of the red edge. An inexpensive drone equipped with a MicaSense camera
can be flown as often as necessary, allowing the grower to finely calibrate irrigation, fertilization, and the
application of insecticides (which can also be applied via drone).

RGB (natural color) Normalized Difference Red Edge Index

Advanced, lightweight, multispectral cameras provide accurate multiband data for agricultural remote sensing
applications. What this means is that a hyperlocal drone flight can easily identify the stressed areas of a crop—the
red area in the upper rows of the vineyard seen through the red edge filter (right). Watch a video demonstration
of the Micasense RedEdge NVDI sensor installed in an RF70 drone for scientific multi-spectral imaging of
chlorophyll content in crops or plants.
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Beyond reflected sunlight
Lidar, radar, and sonar—the active sensors

Space-based image sensors typically measure solar light reflected from the ground. This is often called
passive sensing. In contrast, active sensors such as lidar, radar, and sonar emit pulses of energy and then
monitor the return of energy. As the return energy arrives at the sensor, the intensity and time stamps

of the return signals are used to determine the precise shape and location of the object. Active sensors
work perfectly well at night, an inherent capability of active sensing technologies.

Lidar uses laser technology to scan objects and
landscapes, and records the elevation surface detail

and shape of these features based on their measured
distance from the scanning device. Laser returns are used
to generate a cloud of points in x,y,z space containing

a series of attributes, such as intensity, look angle, and

a very accurate time stamp. Lidar can be used to model
not only the terrain, but also the tree canopy, buildings,
power lines, bridges, and everything else on and above
the surface.

ra‘ Terrain imaging radar
“Q

Pulse

Returns

Radar is a particularly useful sensor when flying at night
or in cloud cover. Unlike optical sensors that need clear,
unobstructed views, radar works equally well at night
and in inclement weather. The disadvantage of radar is
that its resolution is limited by the radio wavelength.

Sonar is the wave of choice in bathymetry. An acoustic
pulse is emitted from a transducer and propagated in

a single, narrow cone of energy directed downward
toward the seafloor (or a lake bed or river bottom).

A transducer then “listens” for the reflected energy from
the underwater terrain, providing time returns that can
be converted to depth measurements.
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Lidar applications

High-resolution surface elevation mapping

Akentuckystorymap B W @ &) @S|

Highest Point in Kentucky

Black Mountain, located in Harlan County near the Kentucky-Virgina state line is the highest

peint in the Commonwealth. It is near the towns of Benham and Lynch and is about 500

feet taller than any other mountain in Kentucky at 4,140 ft above mean sea level, This value
ined using LIDAR data collected during the 2011 i i

Black Mountain is one of the few places in Kentucky supporting a Northern Hardwood
Forest. Numerous rare plants and animals are found here, including Black Bear, Red
Elderberry and Hobblebush.

LIDAR data was colfected for this portion of Kentucky in 2011 using funds from FEMA and the
Kentucky Division of Water.

ive s
s 7

KyFromAbove is a statewide mapping program for the Kentucky state government that includes the comprehensive
lidar collection of surface elevation at high resolution throughout the commonwealth. This story map tells the tale of
the statewide collection and how it is being put to use.

Digital surface model (DSM) Photorealistic scenes

Lidar is often collected after major terrestrial LAS files (the generic lidar exchange format) are a collection of points,
events such as landslides. This 3D scene shows each with horizontal coordinates and a vertical elevation value. LAS
the impact of the massive and deadly Oso files provide a common format for storing additional information
mudslide in Washington State, news of which such as laser intensity, scan angle, and return information. When
reached the world in the spring of 2013. encoded as red-green-blue (RGB), the scenes take on a photorealistic

appearance, like this visualization from Petaluma, California.
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On the radar

Reflecting at high frequencies

Weather surveillance radar (WSR)

and Doppler weather radar

Weather-based radar represents a type of radar
used to sense precipitation and type (such as rain,
snow, or hail), as well as to calculate the motion
of storm systems. Modern weather radars are
mostly Doppler radars, capable of detecting the
motion and location of rain droplets in addition to
the intensity of precipitation. Radar data can be
analyzed to determine the structure of storms and
their potential to cause severe weather.

Weather radar for Hawaii

NEXRAD is a network of 160 high-resolution Doppler
weather radar stations operated by the National Weather
Service (NWS). This interactive map of NEXRAD radar
enables you to view and interact with up-to-the-minute
weather for the Hawaiian Islands.
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SRTM elevation data

The Shuttle Radar Topography Mission (SRTM) was
a NASA Space Shuttle-based research effort that
obtained digital elevation models on a near-global
scale from 56° S to 60° N in an effort to generate

a complete high-resolution digital topographic
database of Earth from space.

To acquire elevation data, the Space Shuttle
Endeavour was outfitted with two radar antennas,
one in the shuttle’s payload bay and the other
tethered on the end of a 60-meter mast. The
radar instruments on board applied synthetic
aperture radar, which was used to generate terrain
surface maps of the earth at a resolution of 30
meters. Once the mission was complete and the
data could be processed, it was shared publicly
in the first few years at a reduced resolution of

90 meters. Recently, elevation data has been
released for the world at the full resolution of 30

meters.

This web scene tour of Africa uses elevation data
collected by the Shuttle Radar Topography Mission,
which provided the first-ever global elevation coverage
for the world.
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Where's the heat? Where's the gas?

Thermal and gas sensing applications

All objects on Earth emit or radiate infrared radiation because they have a temperature. This energy is
long wavelength and can be collected by thermal infrared (TIR) sensors. Thermal imaging is a day-night
capable sensor since it does not require illumination; all objects radiate energy on their own, day or
night. Objects that are hotter radiate more energy, so on a thermal image, they appear brighter.

Geothermal energy

Thermal infrared data collected as

part of a project funded by the US
Department of Energy Geothermal
Technologies Program. This particularly
active geothermal region is in the
Connley Hills of central Oregon.

Imagery collected using a camera with a
thermal infrared sensor shows a toxic gas
plume, which was invisible to the naked
eye. This release from the mountainside
in Porter Ranch, California, continued

for 110 days and was finally plugged in
February 2016.
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Hyperspectral imagery

Fingerprinting the ground

Hyperspectral sensors see the world using a broad swath of the electromagnetic spectrum, but

unlike multispectral sensors, the hyperspectral systems provide many more spectral bands, enabling
observation of detailed spectral signatures. Hyperspectral images can enable identification of specific
plants and minerals.

Many projects that use hyperspectral sensors are designed for specialized focus on particular bands to
discover the presence of specific phenomena. These signatures enable identification of the materials that
make up a scanned object. Detection of known spectral objects is aided by their tendency to have very
similar spectral characteristics wherever they occur. For example, the spectral signature of a white pine
tree is consistent and distinct from the signature of a sugar maple. Rocks that hold significant amounts of
one mineral are distinct from similar-looking rocks holding another type of mineral. These distinctions are
used to identify and extract features for use in a variety of applications.

Mineral mapping Mapping sands and ocean substrates

Hyperspectral map of Cuprite, Nevada, provides Unique spectral signatures for different types of soil and

a synoptic view of the surface mineralogy, and sand can facilitate mapping for geology or planning
identified a previously unrecognized early steam- mining prospects.

heated hydrothermal event that resulted in extensive
distribution of iron-bearing elements.

Individual materials scanned using hyperspectral
imagery have unique characteristics, or fingerprints. This
graph compares the reflectance of hematite (an iron ore)
with malachite and chrysocolla (copper-rich minerals)
from 200 to 3,000 nanometers in wavelength.

Reflectance

Wavelength
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Thought Leader: Sarah Parcak

There may be hundreds of thousands, if not
millions, of undiscovered ancient sites across the
globe, and Sarah Parcak wants to locate them.
As a satellite archaeologist, she analyzes infrared
imagery collected from far above the earth’s
surface and identify subtle changes that signal

a man-made presence hidden from view. Doing
so, she and her colleagues aim to make invisible
history visible once again—and to offer a new
understanding of the past.

Inspiration comes from her grandfather, an early
pioneer of aerial photography. While studying
Egyptology in college, Parcak took a class

on remote sensing and went on to develop a
technique for processing satellite data to see
sites of archaeological significance in Egypt. The
method allows for the discovery of new sites in a
rapid and cost-effective way.

In partnership with her husband, Greg Mumford,
they have directed survey and excavation projects
in various places in Egypt. She's used several types
of satellite imagery to look for water sources and
archaeological sites.

Her latest work focuses on the looting of ancient
sites. By satellite-mapping Egypt and comparing
sites over time, the team noted a 1,000 percent
increase in looting since 2009 at major ancient
sites. It's likely that millions of dollars” worth of
ancient artifacts are stolen each year. The hope
is that, through mapping, unknown sites can be
protected to preserve our rich, vibrant history.

Using satellite archaeology to protect ancient sites

Sarah Parcak is a leading expert on space archaeology.
She is from Bangor, Maine, and is a National
Geographic Society Archaeology Fellow, Fellow of the
Society of Antiquaries, and a 2013 TED Senior Fellow.
Sarah serves as the founding director of the Laboratory
for Global Observation at the University of Alabama at
Birmingham, where she is a professor.

| o Watch Sarah Parcak’s
TED talk
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Bringing the map to the image
Working in image space

Not all imagery applications require the projection of sensor data onto a map or, in other words, the
registration of imagery into a geographic coordinate system. There are many applications where it is
more effective and appropriate to work with the original image and view it from the perspective of the
camera. This is referred to as working in image space, in contrast to working in a map coordinate system.
Numerous military and civilian reconnaissance applications involve the use of both a map view and an
image window. For example, inspection applications effectively use an image view and a map view in
concert.

DSC00165.JPG

O G

Building inspection is one of the early useful applications to come from the drone revolution. In this example
using drone imagery (flown, incidentally, with a 3DR sub-$1,000-priced model), the flight path is seen as a
yellow circle and the blue dots signify the capture points. The oblique view in the Image Viewer is an example
of viewing a series of images in image space to see undistorted views captured by the camera.
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Full motion video

Put your video on the map and your map on the video

ArcGIS has the ability to integrate and incorporate full motion video (referred to as FMV), presuming you
have metadata that describes the geographic location for your video. This is akin to how aerial imagery is
georeferenced except that every frame in the video is georeferenced. Such georeferenced videos adhere
to formats established by the Motion Imagery Standards Board (MISB), which oversees standards for full
motion video capture pertaining to the defense and intelligence communities in the United States.

This enables MISB-compliant video frame locations to be placed as windows into your map views—and
your map data as optional overlays in your video. FMV technology enables you to quickly and easily
analyze video data from many kinds of airborne sensors—such as aircraft, drones, and other UAVs.
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Full Motion Video capabilities link the locations and look angles of the drone (or other aircraft) camera to a

GIS map, which allows you to track the location of the aircraft, and also the frame-by-frame footprint of the
area being seen in the camera image.
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Quickstart

Multispectral Imagery Gallery in the Living Atlas of the World

The quickest way to access the multispectral imagery in ArcGIS Online is through the Living Atlas of the
World. But this is only a starting point. Once you've opened any of these services in ArcGlIS, you can use
the Display Image menu selection to alter the bandwidths and create your own combinations.

.
AI'CGIS v Gallery Map Scene Groups My Content My Organization @ esri
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Learn ArcGIS Lesson

Water level analysis of Poyang Lake, China, using multispectral imagery to identify and
measure water and land surfaces over a period of time

In these lessons, you'll assume the role of a geospatial scientist tasked with calculating the change in area
of the lake between 1984 and 2014. Using Landsat imagery, you'll classify land cover in three images of
the lake taken at various times over the past 30 years to show only the surface area of the lake. You'll then
determine the change in lake area over time.

» Classify Land Cover to Measure
Shrinking Lakes

Poyang Lake, China’s largest freshwater lake, has
always had significant seasonal fluctuations in
water level. Fed both by rains and the Yangtze
River, Poyang Lake has lately experienced even
more extreme fluctuations due to several years
of drought and the construction of the Three
Gorges Dam.

Dry season water levels are alarmingly low, and
even rainy season water levels have fallen. The
changes have impacted the local economy
and altered the land cover of the area. But if

locals want to do something about their lake's Three Gorges Dam in China.
disappearance, they'll need to back their live
observations with scientific facts. » Build skills in these areas:

* Classifying land cover

¢ Calculating change in area

» What you need:
* ArcGIS Pro
* ArcGIS Pro Spatial Analyst extension

o Estimated time: 1 hour 15 minutes

Start Lesson

Esri.com/imagerybook/Chapter4_Lesson

Man walks in dry riverbed near Poyang Lake, China.
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& N Turning Imagery into Information
' Analyzing imagery to create understanding

Image analysis allows us to derive new understanding from existing data by creating analytic
maps for insight and knowledge. These raster (cell-based) layers can be used to map and
model virtually anything that happens across the earth’s surface, like agriculture, planning,
hydrology, climate, wildlife habitats, and much more. The big idea in this chapter is that
imagery data—with its cell-based data stucture—allows for the systematic and controlled
analysis of a vast array of phenomena across multiple layers.




Imagery analysis creates understanding

GIS with imagery opens the door to solving complex problems

ArcGIS provides an analytic platform that enables you to combine imagery with other kinds of geographic
information within analytic models. It's simple. GIS organizes information as geographic layers. Meanwhile,
earth imagery scenes and sensor data are also accessible as layers. ArcGIS provides thousands of analytic

operators that can derive statistical information, model movement and flow across your surfaces, help you
to combine layers to find the most and least suitable areas for your activities, and much more.

Imagery provides a versatile information feed—a virtual fire hose of information to your GIS. In turn,
ArcGlIS has a number of spatial analysis operators that enable you to gain deeper insight into and
understanding of your information. These analytic tools enable you to address virtually any kind of
question, such as deriving the statistical signal from your data, examining a sequence of events through
time, and forecasting and predicting them into the future. Spatial analysis entails identifying and deriving
new information layers to help solve all kinds of problems, such as finding the right places to build,
analyzing your business performance or where that new market may be hiding in plain sight, evaluating
and managing your agricultural production, or monitoring and forecasting diseases.

Virtually any problem we face

can gain from analytical insight
provided by ArcGIS. And imagery
is always a critical information
source in your analytic work.

GIS and imagery analysis have
come together and integrated
only recently. And with the
advent of cloud and enterprise
server computing, modern
computing systems are capable
of analyzing massive volumes

of image information. Limits in
modeling have been significantly
reduced, enabling you to model
and analyze your information in
deeper, more profound ways.
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" An example from Learn.arcgis.comf] ¥ & [$XEdit

The Cougar Corridors of
Southern California

An example of how to do spatial
analysis of habitat and corridor
suitability in ArcGIS

The mountain lion (Puma concolor), also known as the
cougar, is a large cat native to the Americas.

Once abundant in Southern California, their numbers
have been reduced to just a few thousand animals in the
increasingly developed wild lands north and west of Los
Angeles. Besides having less total habitat overall, the
remaining groups of cats are finding themselves ever
more isolated from one another, leading to genetically
dangerous inbreeding.

A growing awareness about the need for wildlife corridors
is leading to efforts among land management agencies,
Caltrans, and wildlife advocates to identify the best

Suitability habitat modeling is a classic GIS and image analysis problem as
described in this story map. Source data from multiple sensors is combined
and georeferenced in a way that allows land-use planners to identify strategies
such as wildlife corridors to protect the long-term survival of the species.
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Traditional image analysis

The use of imagery for GIS analysis is nothing new. Throughout the past few decades, imagery sources such as
multispectral layers, digital elevation models, and digital orthophotos have provided an analytical foundation for

modeling and feature extraction. Here are some common examples.

Assessing current tree canopy

Legend ~
Tree_Canopy_Land_Cover
Land Cover
B Tree Canopy
[ Grass\shrubs
B Bare Soil
B water
B Buildings
B Roads
(3 Other Paved
@ Agriculture

About A

This assessment identifies where
trees in part of Oahu, Hi are located,
the extent of the canopy, as well as
ownership and potential planting
sites for enhancing the urban tree
caropy.

This analysis identifies tree cover and the extent of tree
canopy across the island of Oahu, Hawaii. The USGS
applied image analysis on Landsat and other data
sources to derive land cover for the entire island.

Land cover classification

Great Lakes Region Land Cover Report

Land Cover 2010

N 2010, UPLAND FOREST (35%) AGRICULTURE 28%), AND WETLANDS (1751
iand cover

up less than 3% of the totl area

Changes in land cover and land use can tell dramatic
stories about the rapid environmental changes that are
occurring in places like the Great Lakes region of the
United States.

Photogrammetry

o7

Orthophotos are used here to map a port facility in
Germany. Image interpreters capture accurate features
from these types of imagery sources.

Assessing crop health

Multispectral imagery can provide a new perspective
on crop health and vigor. The Normalized Difference
Vegetation Index (NDVI) reveals healthy potato and
canola crops in Saskatchewan.
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Navigation, flow, and surface modeling
Prebuilt for advanced analytics and visualization

Calculate cost surfaces

A cost surface is a raster grid in which each cell
value represents the cost to travel through it. Cost
surfaces can model things like the optimal path
for a bushwhacking fire crew, predicting how a fire
might spread, or predicting the travel preferences
for how a mountain lion might move across its
habitat range. In this map, green areas represent
lower travel costs for the big cats in

semirural Southern California.

Find best paths

A cost path calculates the least-cost travel path

for traveling from one location to another. Costs
can represent a number of criteria, including

actual monetary expenditure, but more often are
related to time and effort required to complete the
journey. In this example, you can see the best path
for cougars to travel between two of their core
habitat areas.

Visual and visibility analysis

A surface displayed in 3D space has value as a
visual display backdrop on which to drape data and
analyze it. This perspective scene shows a restored
watershed and river draped on a digital elevation
model of the terrain.
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Characterizing the world's ecology

The ecological land units project

The very nature of cell-based data makes it ideal for certain kinds of advanced analytics that can't even
be considered with vector data. The ecological land units (ELUs) project is one such example. Four

global layers (bioclimate, landforms, rock type, and land cover) were overlaid and combined to create a
single output surface that portrays a systematic division and classification of the global biosphere using
ecological and physiographic land surface features to describe and characterize each land unit. “This
map provides, for the first time, a web-based, GIS-ready, global ecophysiographic data product for land
managers, scientists, conservationists, planners, and the public to use for global- and regional-scale
landscape analysis and accounting,” said Roger Sayre from the USGS.
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Describing or characterizing a place

Segmentation and classification

Imagery can be used to automate the classification and locations of land into specific categories, such
as different types of land uses and land cover. These derived layers can then be used as basemaps and,
more interestingly, in subsequent analyses. Classifying a series of images from different time periods
also enables analysts to explore how a location is changing, whether from natural forces or human

interventions.
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Land cover change detection

This forest change analysis tool evaluates the total
tree cover loss and number of active fires within
the selected area of interest, and shows the results
according to the various land cover classes. The
Global Forest Watch change analysis tool uses
spatial and temporal information to allow you to
conduct your own investigation on forest cover
change, current land cover, and legal classifications
in your area of interest.

Segmentation

Image segmentation is defined as a process of
partitioning an image into homogenous groups
such that each region is homogenous. This map
shows the impervious surface of each parcel after
these surfaces have been segmented out using
feature extraction analytics in ArcGIS. This is a
classic segmentation application.
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Suitability analysis

Finding the best locations

A common question that GIS analysis helps to solve is, where is the best place to put something?
Suitability models are used for just that purpose—to find the ideal place to build or preserve, depending
on the objective. The problems addressed can be wide-ranging: where to locate a new shopping center,
plant a crop, preserve a marsh, develop a windmill, or place solar panels on building rooftops.

For example, the relevant criteria for siting a new park might include 1) a vacant parcel of land at least
one acre in size; 2) proximity to the river; 3) a location not too close to an existing park; 4) an area with
mature trees; and 5) a location near the homes and work of many people. ArcGIS can readily model
suitability for parks and other sites using raster data and imagery. Here are some more examples.

How To Use Land Cover Data as a Water Quality Indicator
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Land cover as a water quality indicator

NOAA has used land cover as a way to predict
water quality using GIS analysis. For example,
water quality is typically higher in the vicinity of
forests and wetlands, and typically lower in regions
with industrial facilities and large parking lots.

This story map offers an excellent overview of the
approach.

Calculating rooftop solar potential

The state of Minnesota modeled solar potential

for the whole state by deriving solar radiation and
aspect from elevation, vegetation, and other critical
raster and imagery layers. This enables citizens to
perform a quick, high-level assessment of where
solar power might be a practical alternative for
their locations.
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What can | see?
Visibility analysis

81

Viewshed analysis involves analyzing what is or isn't visible from a given location based on distance,
terrain, and even land cover. It is an operation that enables you to identify the locations from which
a particular landmark is visible; for example, from which areas in a park can | see a river, or how many

windmills are visible from the town square?

ArcGls - Swift Wind Farm Viewshed Analysis

ModifyMap & Sign In
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The ArcGIS Imagery Book

Placing wind farms appropriately

This viewshed analysis determined the visual
impact of a wind farm with four large turbines

in a study area in England. The visual impact of
building a wind farm in urban or semiurbanized
areas has the potential to create controversy in
the community. Being able to show from where a
turbine farm would be visible before one is built
helps utilities mitigate reaction.

Calculating viewshed

This interesting story map uses GIS visibility analysis
to tell the fateful tale of the Battle of Gettysburg

in the American Civil War. At the moment General
Robert E. Lee (at the red eye) committed to engage
with Union troops, he could only see the troops in
the light areas; everything shaded in gray (the much
greater part of the Union'’s strength) was invisible

to him at that moment. Historians using personal
accounts, maps of the battle, and a basic elevation
layer were able to unlock the mystery of why Lee
may have committed to battle facing such poor

odds.

Copyright © 2016 Esri. All rights reserved.


http://esriurl.com/11199
http://esriurl.com/11200

Following the flow of water
Hydrological analysis
Hydrology is the science concerned with the earth’s water, especially its movement in relation to land.

Because water moves in response to gravity, the elevation of the earth’s surface can be used to model
how water moves.

Modeling flash flood events K
Flood-prone canyons pose a significant threat to s oty o
recreational users in the semiarid western United i
States. The NOAA National Weather Service Forecast
Office in San Diego has recognized the flash flood
risks that exist and has implemented enhanced flash
flood services for two flood-prone canyons. This

story map details the methods used to create public
awareness of the highest-risk areas in the Anza-

Borrego Desert State Park.

Flooding frequency R T

Watershed analysis layers provide an estimate of 7 ‘ :

flood frequency as one of six classes from none to Loy P

very frequent. Click any spot on the map to get a @ :

readout of the flooding frequency. This 30-meter o

resolution layer covers most of the continental United Leﬁﬁ@‘

States, including Alaska, Hawaii, Puerto Rico, the US
Virgin Islands, and several Pacific Islands including
Guam and Saipan.

Flooding Frequency
Frequent

8l Floading is iikely to occur often under
isual weather conditions. The chance of
looding in any year is more than 50%.
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Visualization of rasters
Renderers, 2D and 3D

Raster data can be single band or multiple band, with only a few unique pixel values or with a full range

of values in the given pixel depth. And there are a number of ways to visualize raster data as multiband
imagery, in 3D and as dynamic time-series maps. For example, when viewing color aerial photography, you
are often viewing a three-band raster dataset with an RGB (red, green, blue) renderer applied by default.

Calculating hillshade

Analytical hillshading computes surface illumination
as a raster surface with values from 0 to 255 based
on a given compass direction to the sun (azimuth)
and a certain altitude above the horizon. Terrain
modeling and visualization helps to bring other
information layers to life as shown in this map of
soils in the Panoche Hills of California, west of
Fresno