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Preface

At no time in history has it been more impera-
tive to understand the present condition of our
Earth’s environment, especially the impacts
of myriad human-induced activities and their
portents for the future of our planet. The
information provided by Earth observations
from space-based remote sensors has become
a critical element for this crucial endeavor.

The development of technology for Earth
remote sensing has been a true multidisci-
plinary effort involving a variety of scientific
disciplines, sensor and satellite engineering
technologies, as well as advances in com-
puter technology. Beginning in the 1960s
with early images of cloud patterns observed
with various electro-optical sensors, scientists
and engineers soon recognized the poten-
tial for new information obtainable with
instruments operating throughout the elec-
tromagnetic spectrum. This quickly led to
the launch of infrared sensors for measuring
ocean, land, and atmospheric temperatures;
optical sensors for ocean color data, vege-
tation coverage, and atmospheric gases and
aerosols; along with microwave instruments
for monitoring polar regions, ocean winds
and waves, sea level rise, and land surface
deformations.

Exploitation of these advances in remote
sensing technology would not have been
possible without the parallel explosion in
computer processing capabilities needed to
acquire, store, display and synthesize the mas-
sive global data sets transmitted daily from
Earth-observing satellites. Now, nearly half

a century later, weather and severe storm
forecasts based on satellite observations have
become part of daily life, along with rainfall
and drought monitoring, and forest fire detec-
tion. Moreover, space-based remote sensing
technology now affords the only practical
means for long-term global monitoring and
prediction of such climate variables as sea
level rise, ocean temperatures and biological
productivity, and atmospheric conditions.

The purpose of this text is to provide an intro-
duction to the physical principles underlying
the techniques being used for remote sensing of
the Earth. Our focus is on providing the reader
with coherent treatments of the basic physics
needed to understand exactly what the various
instruments are measuring, including how and
why the raw signals must be calibrated and cor-
rected for interference or contamination by var-
ious environmental factors in order to extract
the physical parameters of interest.

We have endeavored also to describe the rel-
evant sensor technologies in sufficient detail
for the reader to appreciate the engineering
approaches to the acquisition of remotely
sensed data. The references cited in each
chapter can provide the interested reader with
significantly more in-depth information on
these engineering aspects. Software systems
currently available for processing, display,
and extraction of information from remote
sensor data is an area we have intentionally
omitted. References to some useful starting
points on this topic can be found in one of the
Appendixes.

xiii
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Preface

An attempt has been made throughout to
present the material at a level that should be
understandable to upper-class undergraduate
science and engineering students, as well
as to early-year graduate students in these
disciplines.

The book is conceptually divided into three
main parts. The first part consists of a brief
overview of Earth remote sensing (Chapter 1)
and a description of satellite orbits relevant
to instruments deployed for Earth observa-
tions (Chapter 2). The second major part,
comprising Chapters 3 through 6, discusses
observations made with passive sensors, i.e.,
those which make use of natural illumina-
tion from the sun and/or thermal radiation
from the ocean, land surfaces, and Earth’s
atmosphere. Observations with active sensors
which provide their own illumination, such as
radars of various types and lidars, are treated
in Chapters 7 through 11 of the final part. The
book concludes with a brief overview of two
sensing techniques not discussed previously,
along with a short summary of future Earth
observation missions being planned by NASA
and the European Space Agency (Chapter 12).

A compendium of links to a wide variety
of remote sensing resources available on the
Internet can be found in Appendix F. An
extensive bibliography with references to other
books, journal publications, and technical
reports is included to supplement the material

presented in the individual chapters of the
book. Our expectation is that these items will
prove valuable to students and researchers
alike.

A substantial fraction of the material in
this book was originally developed for remote
sensing courses taught by the authors over
many years to Masters Degree students in the
Applied Physics curriculum within the Engi-
neering for Professionals Program at the Johns
Hopkins Whiting School of Engineering. The
authors hereby gratefully acknowledge the
numerous and invaluable contributions from
these student interactions.

The authors also want to thank the numer-
ous colleagues who reviewed chapters of the
book: Dr. Steve Borchardt, Dr. Joshua Broad-
water, Dr. Eric Ericson, Dr. David Jansing,
Dr. Kevin Kwon, Dr. Carl Lueschen, Mr. Frank
Monaldo, Dr. David Porter, Dr. Keith Raney,
and Dr. Scott Wunsch. We especially want to
thank Dr. Adrienne Criss and Captain James
Miller (USN, Ret.) for reviewing the book in
its entirety, which was not a small under-
taking. We acknowledge the efforts of Mr.
Chris Jackson (NOAA) who reprocessed
SAR wind data for Figures 10.48-10.52 and
Dr. James Churnside (NOAA) who provided
lidar data for Figure 11.10. We also appreciate
the efforts of numerous editors and reviewers
at the AGU and Wiley for their contributions
to this book.
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SHF
SIR-C
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SLF
SMAP
SMI
SMMR
SMOS
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Probability Density Function
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Portable Network Graphics format

Polar Operational Environmental Satellites
POLarization and Directionality of the Earth’s Reflectances
Pressure Ridges

Polar Radiant Energy in the Far-InfraRed Experiment
Pulse Repetition Frequency

Pulse Repetition Interval

Priestley-Taylor Jet Propulsion Laboratory
Quantum Efficiency

Random Access Memory

Radarsat Constellation Mission

Radar Cross-Section

Radio Frequency

Rotating Fan Beam SCATterometer

Radar Imaging Satellite

Root Mean Square

Republic of China Satellite

Readout Integrated Circuits

Radar Vegetation Index

Suomi National Polar-Orbiting Partnership
Satélites Argentino-Brasilefio para Informacion Ambiental del Mar
Stratospheric Aerosol and Gas Experiment III
Argentine Microwaves Observation Satellite
Synthetic Aperture Radar

Satellite with ARgos and ALtiKa

Seasat Scatterometer
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Simplified Deep Space Perturbations

SeaWiFS Data Processing System

SeaWiFS Bio-optical Archive and Storage System
Sea-viewing Wide Field-of-view Sensor

Second generation GLobal Imager

Simplified General Perturbations

Super High Frequency

Spaceborne Imaging Radar-C band

Scan Line Corrector

Super Low Frequency

Soil Moisture Active Passive

Standard Mapped Image

Scanning Multichannel Microwave Radiometer
Soil Moisture and Ocean Salinity

Signal-to-Noise Ratio

Chinese State Ocean Administration
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TEMPO
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UHF
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USGS
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VSWIR
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Solar Radiation and Climate Experiment
Single Photon Lidar

Sentinel Radar Altimeter

SubSurface Melt Ponds

Small-Slope Approximation

Special Sensor Microwave/Imager

Special Sensor Microwave Imager/Sounder
Sea Surface Temperature

Singular Value Decomposition

Surface Wave

Significant Wave Height

Short-wave Infrared

Surface Water & Ocean Topography
Temperature Condition Index

Total Solar Irradiance Calibration Transfer Experiment
Time-Delay and Integration

Tracking and Data Relay Satellite System
Terminal Doppler Weather Radar
Tropospheric Emissions: Monitoring of Pollution
Temperature Emissivity Separation

Thick First-Year ice

Tremendously High Frequency

Thin First-Year ice

Thermal Infrared Sensor

Two-Line Elements

Thematic Mapper

TRMM Microwave Imager

Tropical Rainfall Measuring Mission
Time-Resolved Observations of Precipitation structure and storm Intensity
with a Constellation of Smallsats

Total and Spectral Solar Irradiance Sensor
Television

Ultra High Frequency

Ultra Low Frequency

U.S. Geological Survey

Coordinated Universal Time

Ultraviolet

Vegetation Condition Index

Vertical Transmit — Horizontal Receive
Very High Frequency

Visible Infrared Imaging Radiometer Suite
Very Low Frequency

Visible and Near-Infrared

Visible to Short Wavelength Infrared
Vertical Transmit - Vertical Receive

XXi



xxii

Acronyms

WEFF
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World Geodetic System
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World Meteorological Organization
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Introduction to Remote Sensing

Remote sensing is commonly defined as the
process by which electromagnetic energy is
exploited to interrogate some property of the
Earth’s environment - either its surface or its
surrounding atmosphere — by using a sensor
system located at some distance from the
region of interest.

Yet remote sensing is a bit more general than
this. For example, the interior structures of
the Earth have been remotely sensed using
neutrino detectors. And spacecraft have been
deployed to remotely sense the characteris-
tics of other planets, asteroids and comets.
Still this definition characterizes most of the
remote sensing described in this book, which
concentrates on Earth remote sensing using
electromagnetic energy.

This image of the Gulf Stream shown in
Figure 1.1 is a classic example. The image
was created from data obtained by a multiple-
wavelength imaging system flown on the
NOAA-12 satellite. The data from this camera
were transmitted to a ground station located
at The Johns Hopkins University Applied
Physics Laboratory (JHU/APL), where they
were processed using sophisticated algorithms
to estimate sea surface temperature. The image
you see is a computer-generated false-color
map of sea surface temperature.

This book describes the physical basis for
such measurements and examines the algo-
rithms used to derive geophysical information
from such data.

75
WATER SURFACE TEMPER/
i 3

Longitude
N

Figure 1.1 Sea surface temperature in Western
Atlantic. Source: Courtesy of R. E. Sterner,
JHU/APL.

Such calibrated satellite imagery provides a
unique source of information on scales that
would be otherwise inaccessible to terrestrial
sensors. But it is hard today to recall how rev-
olutionary such data really are. For example,
in Figure 1.1, the blobs of warm water located
just north of the Gulf Stream wall are massive
warm core eddies. These eddies are rotating
lenses of fluid that are occasionally spun
off of the Gulf Stream. The amazing thing
is that oceanographers were unaware of the
existence of such warm core eddies until the
first large-scale black and white images of
the ocean were returned from early satellites.

Remote Sensing Physics: An Introduction to Observing Earth from Space, Advanced Textbook 3, First Edition.

Rick Chapman and Richard Gasparovic.

© 2022 American Geophysical Union. Published 2022 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/chapman/physicsofearthremotesensing
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Remote Sensing Physics

Figure 1.2 Flows near Grand Geyser, Yellowstone
National Park.

Remote sensing does not have to occur
from so far away. The photographs shown in
Figure 1.2 were taken in Yellowstone National
Park while awaiting the eruption of Grand
Geyser. Water leaking from the geyser flowed
down the slight incline towards the raised
walkway (top). The middle photograph shows

the ripples in the water created by flow past
obstacles. The bottom photograph shows a
blowup of one set of these ripples.

Surface waves can be created by flow past
obstacles, just like a moving boat in still water
creates waves. The ripples shown here are cap-
illary waves that propagate slightly upstream
of the disturbance. Those waves whose speed
is arrested by the flow are stationary and hence
can grow. The dispersion relation for surface
waves is well known. So wavelength measure-
ments from this single photograph could be
used to determine the flow speed!

Without the measurement and a physical
model, this is no more than a pretty picture.
When combined with quantitative measure-
ments and a physical model this photograph
becomes remote sensing data.

This text discusses all aspects of the acquisi-
tion, measurement, and physical interpretation
of the most common types of remote sensing.
While the text primarily concentrates on
satellite-based remote sensing of the environ-
ment, remote sensors deployed from aircraft
and other platforms are also described.

As shown in Figure 1.3, satellites are used for
a wide range of applications. They are used for
communications, navigation and timing (GPS),
as well as military applications such as intelli-
gence collection. Satellites are also used to per-
form scientific measurements involving space
environment, Earth environment, and astron-
omy (Davis, 2007).

This text concentrates on the Earth environ-
ment applications, such as measurements of
the atmosphere, land, and oceans. Despite this
concentration, the physics of remote sensing
are also relevant for other applications.

There are a wide variety of applications for
remote sensing data, as shown by the partial list
in Box 1.1. These applications span the range
from oceans to land to the atmosphere. Many of
these applications are discussed in some detail
throughout this book.
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Figure 1.3 Satellite applications.

Box 1.1 Applications for remote sensing data.

e Ocean Observations
- Sea surface temperature
- Ocean color
- Biological productivity
- Coral bleaching
- Sea ice concentration and extent
- Sea level rise and tides
- Currents, eddies, bathymetry
- Surface winds

e Atmospheric Observations
- Weather systems - clouds, storms
- Temperature and moisture profiles
- Pollution - dust, volcano plumes
- CO, concentration

Maybe more important than the specific
applications is the ability to regularly make
measurements over most or all of the globe
and to make those measurements over years
or even decades. This makes satellite data
particularly useful for radiation budget and
climate studies.

Satellites are not ideal - they have a variety
of limitations as remote sensing platforms.
Most satellites can provide only intermittent
observations at any location on the globe. Time
intervals between revisits are determined by
orbital parameters, sensor swath width and
environmental limitations, such as the need

e Land Observations
- Surface temperature
- Vegetation coverage
- Snow cover
- Soil moisture
- Continental ice sheets
- Elevation changes
- Floods
- Forest fires
- Urbanization changes
- Maps

e Earth Radiation Budget
- Solar insolation
- Reflected sunlight
- Emitted thermal radiation

for daylight or cloud-free line of sight to the
surface. High-resolution sensors typically pro-
vide only limited area coverage per orbit. Dwell
time per sensed area is typically short, so short
duration transient events are seen only by
chance. While individual satellites can provide
continuous data records of a decade or more,
these records are short relative to climate time
scales. Time series exceeding the lifetime of an
individual sensor require difficult multisensor
intercomparisons and intercalibrations.

In addition, interpretation of remote sensing
data is not easy. Remote sensors detect prop-
erties of electromagnetic radiation emitted,
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U.S. Earth
Observation
Systems
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Figure 1.4 Overview of U.S. Earth observation systems.

scattered, or reflected from scenes of inter-
est, but these properties are often affected
by multiple geophysical parameters. Models
are developed to describe the sensor output
as a function of the geophysical parameters.
“Inversion” is the process of inferring the geo-
physical parameters from the sensor output.
Inversions are not always unique and vali-
dation of geophysical retrieval algorithms is
frequently difficult. These are challenges that
are discussed throughout this text.

Because this text concentrates on satellite-
based environmental remote sensing, it is
worth mentioning the organizations responsi-
ble for current U.S. Earth observation systems
(Figure 1.4). NASA is responsible for research
platforms, such as the Terra (Kaufman et al.,
1998; Ungar et al., 2003) and Aqua (Parkinson,
2003) Earth observing satellites. They also
coordinate with international partners and
develop technology demonstrators.

U.S. government satellites that are needed for
operational requirements, such as weather pre-
diction, are either run by NOAA or by the mil-
itary and intelligence communities.

Historically, the earliest Earth observation
satellites were developed and launched by

U.S. government agencies in the late 1950s
and early 1960s to acquire meteorological data
(Davis, 2007). The Soviet Union followed in
the late 1960s with a similar focus on meteo-
rology. Interest in ocean and land observations
came into prominence in the 1970s following
major technology developments in optical
and microwave sensors. Today, Earth remote
sensing has become a truly international
endeavor involving tens of countries building
and operating scores of both government and
commercially funded satellites. In addition,
the ready availability of large volumes of digital
data from these systems has been the impetus
for innovations in processing, display, and dis-
semination of products for an ever expanding
range of applications.

1.1 How Remote Sensing
Works

The general process of how remote sensing
works is illustrated in Figure 1.5.

A sensor attached to a platform such as a
satellite looks down to make measurements.
The sensor can typically make measurements
of one or more resolution cells within its field



