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“The history of civilizations is a record of struggles against the
progressive desiccation of civilized lands. The more ancient the
civilization, the drier and more wasted, usually, are the supporting
countries....Recently, the archeologists have turned back the pages of
history, not merely centuries, but thousands of years. Their post-mortems
on buried civilizations suggest that it has been the hand of man, more than
climatic change, which has reduced once rich and populous regions to
desolation and poverty. After long struggles, a civilization either died or
its people migrated to more productive regions. Many ancient
civilizations, once reveling in a golden age of prosperity, are crumbling in
ruins or lie buried in sands and debris, largely caused by the destructive
treatment of the lands on which they were dependent for sustenance. If
modern peoples are to escape a similar fate by man-induced
impoverishment and the desiccation of their lands, it would seem well to
take a measure of these destructive processes and forces, and by
intelligent land planning and land use provide for the sustained
productivity of agricultural lands and the protection of grasslands and
forests for food, textiles, raw materials and continued water supply.”
(Lowdermilk, Man-Made Deserts, 1935)
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Abstract

Land degradation is a serious and growing problem on a world-wide scale -- 11%
of the Earth’s vegetated surface having suffered serious damage in the last 45 years.
Human activity, especially sprinkler irrigation agriculture, can cause dramatic changes in
arid regions as the fragile natural plant cover is stripped off and its root system destroyed
in the process of cultivation. Satellite and airborne remote sensing data covering the
Manix Basin of Eastern California over the last two decades shows that abandoned fields
there suffered progressive degradation, as the topsoil eroded due to the lack of protective
plant cover. Blowing sand buried and disrupted the downwind plant cover, which caused
the downwind area to lose its protection against wind erosion and expanded the region of
damage.

Because the amount and kind of plant cover is an important marker both of where
wind erosion has occurred and where it is likely to occur in the future, especially designed
satellite monitoring systems should be able to sense to signatures of undisturbed and
disturbed vegetation cover in arid regions. However, this problem cannot be addressed
by standard vegetation indices, because of the adaptation of arid region plants to the
scarcity of water. Furthermore, weekly to monthly sampling will be necessary because
blowing sand visible to satellite remote sensing is highly dependent on the local weather,
and this can change within a few months. A new vegetative index suitable for arid regions
is proposed for the wavelength region from 0.4-1.0 pm.

The detection and identification of arid region plant communities requires a highly

calibrated remote sensing system with higher spectral resolution than that currently offered



vii

by Landsat Thematic Mapper. The way in which regions of blowing sand can appear and
disappear with rapidity demonstrates the need for a remote monitoring system that can
survey large areas on a regular basis. Such a system must be supported by focused ground

observations and a continuing analysis of the satellite data.
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Chapter 1: Introduction

“To gain control over the soil is the greatest achievement of which

mankind is capable. The organization of civilized societies is founded

upon the measures taken to wrest control of the soil from wild Nature, and

not until complete control has passed into human hands can a stable

superstructure of what we call civilization be erected on the land....Soil

erosion is altering the course of world history more radically than any war

or revolution. Erosion is humbling mighty nations, re-shaping the

domestic and external policies and once and for all it has barred the way

to the El Dorado that a few years ago seemed almost within reach.”

(Jacks, 1939)

During the early part of the 20" century a proto-Green Revolution occurred as
many nations, including the United States, attempted to “reclaim” arid regions for
agriculture. The Dust Bowl which afflicted the Great Plains of the United States during
the 1930’s provided a shocking example of the magnitude of wind erosion which could be
triggered by a combination of poorly-planned agriculture and drought. The research
presented in this thesis provides a scientific basis for the use of satellite remote sensing for
monitoring land degradation caused by human activity in arid and semiarid regions.

In this introduction, land degradation is defined and the extent of the problem is
discussed. The processes by which arid lands degrade are then examined. The sparse
vegetation cover in arid regions is an important factor for both controlling land
degradation and showing where degradation has occurred. Lastly, this chapter shows how

the discontinuous nature of land degradation in both time and space strongly argues for

the use of satellite remote sensing for monitoring arid land degradation.



Part 1.1: The Land Degradation Problem

Part 1.1.1: Defining Land Degradation

As early as 1949, the scientist Aubreville noticed land degradation that seemed to
be extending north into semi-arid and sub-humid regions of North Africa from the more
arid zones of the Sahara (Aubreville, 1949). The term Aubreville coined for this process
was “desertification.” The problem had been observed in the Mediterranean World nearly
two millennia before by the Roman senator Cicero who spoke of the destruction of the
north African forests and their replacement by barren, desert-like areas. The devastating
Sahel droughts of 196873 and the apparent accelerated southward advance of the Sahara
Desert led to extensive international discussion of the problem and the formation of the

United Nations Conference on Desertification (UNCOD).



At a meeting convened during 1977 in Nairobi, Kenya, UNCOD defined
desertification as follows:

“Desertification is the diminution or destruction of the biological

potential of land, and can lead ultimately to desert-like conditions. It is

an aspect of the widespread deterioration of ecosystems, and has

diminished or destroyed the biological potential, i.e. plant and animal

production, for multiple use purposes at a time when increased
productivity is needed to support growing populations in quest of

development.” (UNEP, 1978)
During the following years various agencies, scientific institutions and individual scientists
found the above definition to be inadequate (UNEP, 1992). In response various groups
developed their own definition, which, not unexpectedly, led to a significant amount of
confusion. Additionally, cyclic oscillations of vegetation productivity related to climate
fluctuations had been observed in satellite data, and there was a need to differentiate
between desertification and these cyclic climatic oscillations (UNEP, 1992). In 1992
UNCOD settled upon the following definition of desertification:

“Desertification is land degradation in arid, semi-arid, and dry sub-

humid areas resulting mainly from adverse human impact.” (UNEP,

1992)
Perhaps the most significant aspect of this definition of desertification is its focus on
“human impact.” This differentiates the issue of desertification from simple climatic
fluctuations such as drought, but it should be noted that drought can cause an
exacerbation of damage derived from human activities. The definition of desertification
offered by Mainguet (1994) states that desertification is “revealed by drought,” but

“caused by human activities.” Nearly one-quarter of the vegetated land area of the Earth



has been highly disturbed by human activity and an additional 28 percent has been
moderately disturbed (World Resources Institute [WRI], 1993). This massive level of
human disturbance suggests that there are large areas of the Earth’s surface that have
either been degraded through human activity or have a significant potential of being

degraded through human activity.

Part 1.1.2: Extent of the Problem

“In fact, so devastating seems the occupation of man that, with a few
striking exceptions, a desert or near-desert condition is often associated
with his long habitation of a region. Two major factors are believed to
account for the growth of man-made deserts. In the first place, semi-arid
to semi-humid regions proved the most favorable sites for the early
development of human culture. Such areas, however, stand in a condition
of delicate ecological balance between humid and true desert climates. In
the second place, processes of soil erosion are accelerated by the
exposure of soil surfaces hitherto protected by complete mantles of
vegetation, whether grass or forest, by heavy grazing and cultivation. It is
only within the past decade that experimental studies of these processes
have been made. So enormous have been the differences in soil wastage
and superficial runoff of rain waters from bared sloping lands, as
compared with similar surfaces protected by a complete coverage of
vegetation, that new light is thrown on the problem of the decadence of
former civilizations.” (Lowdermilk, 1935)

The World Resources Institute (1992) reports that “over the past 45 years, about
11 percent of the Earth’s vegetated soils became degraded to the point that their original
biotic functions are damaged, and reclamation may be costly or in some cases impossible.”

UNCOD stated that as of 1992 desertification affects 70 percent of the world’s drylands

(3.6 billion hectares) or nearly one-fourth of the total land area of the planet (UNEP,



1992). However, UNCOD estimates have been questioned by workers such as Warren
and Agnew (1988) who pointed out that about half of the arid area being used for the
estimates is too arid for any form of agriculture. In fact, the UNEP (1992) definition of
“rangeland” includes “non-agricultural, largely unoccupied drylands that are unused or
used only occasionally by nomadic pastoralists,” which suggests that the estimated area of
degraded rangeland may be inflated, but, since the estimate of total rangeland would also
be inflated, this may not change the fraction of usable arid lands that has been degraded.
Even if the area of usable arid lands is only half of the value quoted by UNCOD, the
region at risk represents one-sixth of the Earth’s surface, and the reduced area of arid
lands still included are those most used by humans.

The second important aspect of the extent of land degradation is the question of
the potential for reversing the degradation. Nelson (1988) expressed the view that “the
extent of desertification as an irreversible state has probably been exaggerated, although it
is correct to classify it as a serious problem.” Topsoil lost to erosion can usually be rebuilt
given time, and the well-known process of biological succession shows that a forest
ecosystem can replace an abandoned field in a few centuries. However, on the scale of
people’s need to use the land for sustenance, a few centuries is forever. Human effort can
accelerate the regeneration of topsoil or ecosystems, shortening the time need for
regeneration, but this may require considerable economic expense. In extreme cases of
degradation where the clay fraction of the soil is nearly completely lost or invading flora

becomes too firmly entrenched, natural recovery to the original ecosystem will not occur.



Warren and Agnew (1988) point out lack of the knowledge needed to assess the resilience
or recoverability of soils and plant communities.

Although the effects of land degradation have been less severe in the United States
than they have been in areas such as the Sahel or Western Rajasthan (India), the United
States itself has a great potential for the degradation of drylands. The historian Walter
Prescott Webb once said of the Western United States:

“Draw a line anywhere from the region’s eastern boundary to the Pacific,

stand on its mid-point and you will find yourself either in the desert or

near it. If we do not understand the West it is because we perversely

refuse to recognize this fact...When the desert pokes a hot finger into the

border regions, the people speak of a drought; when it pulls the finger

back, they say “the country is getting more seasonable.” At the heart of

the desert there is no drought, there is only an occasional mitigation of

dryness.” (Webb, 1957)

The Western U.S. has been one of the most rapidly growing regions of the country over
the last 100 years (Sheridan, 1981). Agricultural output from this region comprised more
than 18 percent of the total agricultural output of the United States in 1977 (Sheridan,
1981). That year the arid lands produced 66 percent of the nation’s cotton, 39 percent of
US barley, and 21 percent of the total wheat production (Sheridan, 1981).

The annual rainfall in much of the West averages less than 51 ¢m (20 inches). This
has long been considered to be below the threshold of successful agriculture without
irrigation, and it was predicted that “these lands will maintain but a scanty population”
(Powell, 1879). In order to support the large population and agricultural output of the
West groundwater has been pumped out of the ground faster than it can be recharged,

most of the region’s rivers have been dammed to make water available on demand, and

water has been transported over long distances from where it is more plentiful to where it



is scarce (Sheridan, 1981). In 1893, John Wesley Powell told the International Irrigation
Congress in Los Angeles, (Stegner, 1954) “you are piling up a heritage of conflict and
litigation over water rights for there is not sufficient water to supply the land.” This
prophecy has been borne out as witnessed by the conflicts over water that have increased
in intensity over the last few decades.

Given the large potential area of the United States in which degradation of
drylands can occur and the unprecedented stresses due to its large population and vast
agricultural output, it should not be a surprise to find that significant desertification has
occurred in North America. Dregne (1983) reported that nearly 1.3 million square
kilometers of North American drylands have been “severely” or “very severely” degraded.
Over the last 100 years the Sonoran and Chihuahuan deserts have become perceptibly
more barren, even though these areas have been deserts for a very long time (Sheridan,
1981). This problem is likely to get worse, not better: “The introduction of sprinkler
irrigation systems, especially the center pivot systems, has enabled previously unsuitable
rolling sandy lands to be cropped successfully. If and when those soils are abandoned, for
reasons of economy or shortage of water, the United States will face an even greater wind
erosion threat than it has had to cope with in the past” (Dregne 1983).

We can see the double-edged nature of the water problem here. The rate at which
the water is being used in these arid regions around the world for irrigated agriculture is
not sustainable, and for that reason the environmentally prudent thing would seem to be to

severely curtail irrigation in these areas. When the irrigation is stopped, the area that had



been under cultivation may become a source of blowing sand which further damages the

environment of the drylands.

Part 1.1.3: The Processes of Land Degradation

Another significant item in the current UNCOD definition of desertification listed
above is the idea of “land degradation.” UNCOD defined land degradation as follows:

“Degradation implies reduction of resource potential by one or a

combination of processes acting on the land. These processes include

water erosion, wind erosion and sedimentation by those agents, long-term

reduction in the amount or diversity of natural vegetation, where relevant,

and salinization and sodication.” (UNEP, 1992)
Sheridan (1981) characterized the affliction of land degradation as having the following
symptoms: declining groundwater tables, salinization of topsoil and water, reduction of
surface waters, unnaturally high soil erosion, and the desolation of native vegetation.
Dregne (1983) indicates the major processes of desertification in arid regions as: water
erosion, wind erosion, salinization, waterlogging, and soil compaction. Additionally, the
mechanical destruction of desert pavements and calcrete (caliche) makes the soil more
vulnerable to erosion. Through these different processes, the land is made more barren,
and it may become effectively like a desert, even without climate changes. Before

continuing further to consider how to assess and monitor land degradation, we should

look briefly at some of these processes.



Part 1.1.3.1: Soil Compaction

Soil compaction is caused by the pressure exerted on the soil by raindrops, animal
hooves, repetitive large changes in the water state of the soil, and from the pressure
exerted on the soil by tractors and other agricultural machinery (USDA, 1993).
Compaction caused solely by repetitive large changes in the water state of the soil is called
“water compaction,” while compaction caused by the pressure of machines and animals, as
well as the impact of raindrops, is called “mechanical compaction” by the United States
Department of Agriculture Soil Conservation Service (USDA, 1993). Compacted layers
of soil constrict the infiltration of water into the soil, and help accelerate sheet erosion of
the soil during periods of rain (Hillel, 1982; Dregne, 1983). If the compacted layer is very
near the surface, water may not penetrate to the level of buried seedlings or to deeper
plant roots (Hillel, 1982; Dregne, 1983). The lack of water penetration into the soil will
make the soil effectively more arid than would be expected due to climate alone (Dregne,
1983). Compacted surface layers may prevent seedlings from penetrating the soil surface,
while deeper compacted layers restrict root growth into the deeper layers of the soil

(Hillel, 1982; Dregne, 1983).
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Part 1.1.3.2: Leaching, Waterlogging and Salinization

The soils in drylands have developed in an environment of limited rainfall and
significant periods of drying. This excess of evapotranspiration to rainfall draws water
from depth and causes many soluble minerals to accumulate in the upper soil horizons. In
the southwestern United States this leads to the formation of cemented deposits of
calcium carbonate known as caliche or calcrete (Millar et al., 1951).

The low amount of rainfall characteristic of arid and semiarid regions often
requires the use of some form of irrigation, and the continuing additions of water that
occur under irrigation are a dramatic departure from the natural state. The irrigation
water dissolves the calcium carbonate and soluble salts and transports them downward in
the soil profile. The relative insolubility of calcium carbonate means that the calcrete layer
1s driven down relatively slowly compared to the more soluble salts.

If the calcrete is not driven well below the root zone of the crops, several problems
can arise. Colloidal clay particles which are being transported down the soil profile by the
irrigation water may be deposited on top of the relatively impermeable calcrete producing
a much more impermeable layer in the soil. At this point the irrigation water pools in the
root-zone soils. The water may fill all of the pore space in the soil (waterlogging),
restricting gas exchange between the soil and the atmosphere which causes the buildup of
chemicals toxic to most terrestrial plants (Hillel, 1982; Fitter and Hay, 1987; Mainguet,

1994).
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Much of the water in the root-zone soils in arid regions will be lost by evaporation
rather than downward transport. Therefore, any soluble salts which were present in the
water will be deposited in the root-zone soils. Even if the irrigation water is only slightly
saline, repeated cycles of evaporation lead to build-up of toxic salt levels in the soil (Millar
et al., 1951; Dregne, 1983; Fitter and Hay, 1987; Mainguet, 1994). Even if the
impermeable layer is deep enough that the root-zone soil is not waterlogged, evaporation
will draw the added water from the water table and cause the salinization of the near-
surface soils.

This salinization occurs with nearly any type of irrigation. Before the construction
of the High Aswan Dam in the 1960’s the annual Nile floods would flush the salts which
accumulated in the near-surface during the year, but the High Dam made year-round
irrigation possible and prevented the annual floods, which led to increased salinization in
the land irrigated by the canal system (Dregne, 1983; El Baz, 1988; Goossens et al., 1994;
Mainguet, 1994). In Iraq, there is a historical record of salinization caused by canal
irrigation between 2400 and 1700 B.C., and this problem has recurred at intervals through
the present (Dregne, 1983). Sheridan (1981) stated that about 162,000 hectares in the
San Joaquin Valley of California were affected by high brackish water tables, and that if
this area continued to expand at the rates noted in 1981, by 2080 455,00 hectares would
become unproductive. In both western Texas and the Welton-Mohawk area of Arizona
the irrigation water being applied by sprinkler irrigation systems is saline, and relatively
impermeable subsurface soil layers hold the irrigation water near the surface which

contributes to waterlogging and to salinization (Sheridan, 1981).
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Part 1.1.3.3: Water Erosion

Reports by the World Resources Institute (1992, 1993) indicate that water erosion
is the most serious form of land degradation on a global scale. Water erosion begins with
raindrops striking the ground. The World Meteorological Organization (1983) stated that
a 4 mm diameter raindrop strikes the ground with enough energy to throw a 0.1 cm’
volume of sand having a density of 2.65 g/cm’ to a height of 6 cm.

The USDA Soil Conservation Service (1993) recognizes four styles of erosion by
runoff: sheet, rill, gully, and tunnel (piping). Sheet erosion is an approximately uniform
removal of soil from an area without the development of conspicuous water channels, and
it is less apparent than rill or gully erosion in early stages. Sheet erosion can be serious at
slopes of only 1 to 2 percent, but it is generally most serious at steep soil gradients. Rill
erosion is soil removal caused by the cutting of many small, conspicuous channels where
the runoff is concentrated. The small channels can be easily obliterated by tillage. More
serious is gully erosion where the water cuts down into the soil along the line of flow.

The resulting channels, which often form along plow furrows, vehicle ruts, animal trails,
and the rows between crops, cannot be obliterated by ordinary tillage and they may
become impassable to farm machinery (Dregne, 1983; USDA, 1993; Mainguet, 1994).

The last, and perhaps most unusual, type of water erosion is tunnel erosion, which

is more commonly called “piping.” This type of erosion occurs when subsurface layers are

more susceptible to entrainment in moving free water than the surface layer. Water gains
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entry into the subsurface through such things as rodent burrows and desiccation cracks.
Water entrains the subsurface soil material and moves it downward within the soil or, if
some sort of outlet is present, completely out of the soil. This forms a series of enlarging
and coalescing tunnels (or pipes), and inlets to the tunnels may enlarge into a funnel-
shaped feature known as a “jug” (USDA, 1993). This type of erosion is quite dangerous
since it undermines the ground surface which can then collapse under the weight of a
person walking across the surface, a grazing animal, or a piece of farm machinery. Several
fields in the Manix Basin Area studied in this thesis suffer from tunnel erosion, which
makes walking across those fields hazardous to field workers. Except in the cases where
obvious jugs have formed this type of erosion cannot be immediately discerned by surface
observation.

In Mediterranean North Africa, the Romans developed excellent water
conservation and irrigation techniques through the use of extensive systems of terraces,
enabling them to effectively cultivate this low rainfall area. When the empire collapsed,
the irrigation and terrace systems fell into disuse. Some of the land returned to its original
state, but most of the cropland was eroded away leaving wasteland riddled by dunes and
gullies (Bennett, 1939). Terrace systems are designed to concentrate water in areas with
low rainfall and control water erosion (Dregne, 1983; Mainguet, 1994), but terraces which
are not kept in good repair will cause erosion more serious than there would have been if
no terraces had been built (Dregne, 1983). The Egyptians and Phoenecians also
developed terrace systems that fell into disrepair and suffered severe degradation

(Stallings, 1957).
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Part 1.1.3.4: Wind Erosion

On a global scale, wind erosion is not as serious a problem as water erosion (Holy,
1980, WRI 1992, WRI 1993), but it affects many arid and semiarid regions. Like water
erosion, wind erosion involves the removal of soil particles by a moving fluid. In this case,
the fluid is air. As with water erosion, the finer particles are typically lost firsé which leads
to the loss of the organic matter and nutrients that are generally attached to those
particles, and this will diminish the productivity of the soil (Dregne, 1983). The potential
final result of continued wind erosion is an area of active barren dunes (Dregne, 1983).
The classic study of wind and sand was performed by Bagnold (1942), who focused on
sand in the open deserts in areas where vegetation was generally absent. He pointed out
that the vast majority of the movement of sand by wind occurred very close to the level of
the ground. He also concluded that the sand-sized particles were not actually in
suspension, but that they “move like Ping-Pong balls,” that is, by bouncing and rolling
(saltation). Sometimes the sand grain striking the surface will cause a splash that throws
other sand grains into the air.

If the surface is covered by objects that cannot be removed by the wind, such as
pebbles or vegetation, the roughness produced by these objects will restrict the ability of
the wind to mobilize and transport sand. Saltating sand grains will drop into the spaces
between pebbles or into the vegetation and be trapped. A surface of pebbles can be filled

by sand in this way until no more sand can be trapped. Bagnold (1942) found that the
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movement of a sand sheet would be accelerated as it passed over a surface of sand-
saturated pebbles, because when the pebbles could no longer trap sand the saltating grains
would bounce more vigorously off of the pebbly surface than they would from a surface of
pure sand. Bagnold (1942) suggested that this would never happen with vegetation since
the vegetation would continually grow and add to the sand-trapping ability of the
vegetated patch.

The weird rock formations formed from the continued abrasion of blowing sand in
desert areas attest the power of blowing sand as an agent of erosion. Vegetation is also
affected by the abrasive action of sand grains. Fryrear ef al. (1973) performed laboratory
experiments on grass seedlings under conditions of blowing sand and found that blowing
sand ruptures plant cells, dried out the exposed tissue, and led to increased damage by
insects and disease. Mainguet (1994) stated that the abrasive effect of blowing sand
created microscratches on the surface of the leaves. The thick waxy epidermis of arid
plant leaves and the presence of fine hairs and thorns on the leaves of arid plants may
provide a first line of defense against this abrasion, but most cultivated crops do not have
the luxury of these protections. The abrasive action of blowing sand can also to serious
damage to man-made objects as witnessed by the following statement by a farmer in the
Manix Basin Area of California’s Mojave Desert as reported by Gorman (1993):

“I used to grow alfalfa on 40 acres, but my fields have been sandblasted.

All my equipment is destroyed. The sand has ruined the magnetic switches
in my irrigation equipment.”
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Part 1.2: The Vital Role of Vegetation

When most people think of deserts, they think of barren wastelands filled only with
drifting sands, but this picture is only true of the extremely hyperarid regions such as the
Saharan Desert, the Empty Quarter of the Arabian Desert and the core of the Gobi. Many
deserts look more like plate | — areas with relatively widely spaced shrubs, succulents
such as agave and cacti, and small dry grasses. This vegetation is highly adapted to the
hot, dry environment in which it lives, and it is remarkably resistant to the harsh conditions
found in arid regions. Although it is fashionable in the environmental movement to speak
of the fragility of the desert ecosystem, Mainguet (1994) stated quite clearly that the
prominent feature of dryland vegetation (and soil) is resilience and not fragility. One
measure of land degradation is the degradation of vegetation (Dregne, 1983), and a brief
examination reveals that the state of vegetation is a powerful indicator of where additional
degradation is occurring and will occur.

The most important property of plants in erosion control is their ability to break
the flow of erosive agents and prevent energy that would cause erosion from being
delivered to the soil. The discussion of water erosion in part 1.1.3.3 above showed that
the impact of raindrops on the soil surface was one of the fundamental causes of soil
degradation. As early as 1877, the German soil scientist Wollny recognized that plant
canopies and surface mulch protected soil from water erosion primarily by breaking the
fall of raindrops (Mainguet, 1994). In the case of wind erosion, Bagnold (1942) stated

that the main effect of a vegetated surface was to raise the height above the soil at which
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the mean wind speed would be zero. This serves to decrease the stress applied to the soil
surface by the wind. As mentioned previously, Bagnold (1942) also discussed the sand-

trapping ability of vegetation, and pointed out that continually growing vegetation would
provide a permanent sand trap. Of course, if the sand fell into the vegetation fast enough

to bury and kill the vegetation, this sand trap would be lost, and the full wind stress would

be applied directly to the previously trapped sand.

Plate 1: Mojave Desert landscapes showing numerous widely-spaced shrubs and short
dry grass.
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Part 1.3: The Challenge of Monitoring Desertification

“...the image created has too often been of inexorably advancing sands,

as opposed to more subtle, more complex, pulsating deteriorations,

sometimes with reversals, but at least, with substantial periodic

remissions, radiating out from centers of excessive population pressure.”

Nelson (1988)

Desertification is not, as sometimes envisioned, an invasion of non-desert areas
from a desert core. Sheridan (1981) compares desertification to guerrilla warfare with no
real “front line.” Dregne (1983) describes desertification as a patch of land degraded
through human abuse that then spreads outward if the abuse continues. A United Nations
report (UNEP, 1978) describes the spread of desertification as follows: “These degraded
patches, like a skin disease, link up to carry the process over extended areas.” Mainguet
(1994) clearly states, “The theory of the encroaching desert, which has now been
scientifically rejected, is still a fixed idea in the minds of governments, donors, and
journalists; this must change.”

The extent of this “subtle and insidious process” (UNEP, 1978) of land
degradation can be difficult to assess from observations on the ground. Ground
observations may quickly show that soil is blowing from a farmer’s field or the salinization
is beginning in the soil; however, this single observation does not indicate the state of
degradation a few miles away. Each site requires manpower-intensive biomass surveys
and soil sampling. Furthermore, as indicated by the quotation from Nelson (1988) above,

the desertification processes fluctuate over time, so repeated and ongoing observations are

required to determine if progressive degradation is actually occurring and to track its
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progress. Warren and Agnew (1988) stated that one of the main problems in our
understanding of land degradation was “the ignorance in establishing trends and speeds,
because trends and speeds require sequential surveys.” In addition, sequential surveys are
of limited use if baselines for comparison are not established (Nelson, 1988; Rodenberg,
1991; Murray et al., 1994).

Remote sensing from satellites offers a potential means to survey all arid regions of
the globe. However, remote sensing can not entirely supplant the use of ground
observations as was widely believed in the 1970’s and early 1980’s (Mainguet, 1994).
Still, satellite remote sensing can provide a powerful adjunct to ground observations by
extending in time and space field observations made at a single point in a given region.
Satellite remote sensing thus can monitor much larger areas than ground surveys and aid
in targeting key ground observations. In this way, ground observation anchors satellite
observations, with the satellite remote sensing effectively multiplying the value of the data
acquired on the ground and identifying the specific localities where additional and repeat
ground surveys are most needed.

Mainguet (1994) cites the importance of “remote sensing supported by
verifications on the ground for a better perception of the extent and processes of
degradation.” Dregne and Tucker (1988) indicate that 30 to 40 years of observation by
satellites and ground studies will be required to confidently determine any permanent
changes in the boundaries of the Sahel.

This thesis investigation demonstrates how remote sensing can be used to

understand and monitor land degradation in a marginal agricultural area that is being used
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for center-pivot agriculture and is undergoing progressive abandonment of cultivated
fields. The area studied is within the Manix Basin of the Mojave Desert in Eastern
California. A review of its geological, ecological and historical background will be
presented in chapter 2. A valuable feature of this area is that the progressive abandonment
of fields there has produced a series of abandoned fields in various stages of degradation
which makes it possible to record temporal effects in any single remote sensing
observation. The value of this feature to single overflights of airborne remote sensing
instruments will be shown in chapters 3 and 4 with airborne data acquired in the summer
of 1990. First, the unique fingerprints of human cultivation and wind erosion in
polarimetric synthetic aperture radar, using data acquired with the Jet Propulsion
Laboratory (JPL) Airborne SAR (AIRSAR), will be examined and used to infer the
progress of land degradation due to wind erosion. Subsequently, the view will shift to the
use of imaging spectroscopy in the visible and near-infrared, acquired with the JPL
Advanced Visible/Infrared Imaging Spectrometer (AVIRIS), to examine changes in the
land surface and to observe how vegetative cover is affected by the presence of abandoned
fields and the length of time the field has been abandoned.

The importance of vegetation in the desertification has been outlined in this
introduction, and the importance of monitoring the vegetation is clear. However, arid
region monitoring differs intrinsically from the more developed practice of remote sensing
of humid vegetated areas. The plants of arid regions are uniquely adapted to survive in
their environment, and these adaptations tend to degrade the ability of conventional

remote sensing to measure the plant cover. Chapter 5 reveals problems with the current
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techniques of measuring vegetation with remote sensing. Important features of the path
towards the effective monitoring of arid region vegetation will be illuminated. Chapter 6
demonstrates the value of a true temporal sequence of remote sensing data, even at the
poor spectral resolution of the Landsat Multispectral Scanner, and the same chapter
demonstrates the importance of connecting meteorological data and ground observations
to remote sensing data will be shown. These data will show the truth in the statement
made above about the fact that desertification is revealed by drought. Finally, the
parameters needed for an effective satellite monitoring instrument and system will be

elucidated in chapter 7.
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Chapter 2: The Manix Basin

Most geologists love the desert since everything geological is so well
exposed; no false eyelashes, no cosmetics, no fancy clothes, just pure
plain naked geology with a good coat of tan. (Sharp, 1976)

Effective use of remote sensing data requires knowledge of the area under
observation. Chapter 1 discussed many of the processes involved in land degradation, and
prior knowledge of the area being observed identifies those processes likely to be
important in that area. This chapter briefly describes the geologic setting of the study area
and the soils which exist in the area. The history of human activity in the area is important
since, as we saw in chapter 1, human activity is the primary driving force behind land
degradation. Climatological features of the area, especially rainfall and winds, control
how degradation due to human activity proceeds. Finally, knowledge of the vegetation
native to the area is necessary in order to effectively make assessments of vegetation cover

using remote sensing.

Part 2.1: Geologic Setting

The primary area examined in this study is within the Manix Basin area of Eastern
California’s Mojave Desert. This area derives its name from a railroad siding which was
known as “Manix Siding.” Figure 1 shows the general location of the Manix Basin and its

location with respect to the Los Angeles Metropolitan area.
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The Manix Basin is located on the western edge of the eastern Mojave Desert.
This area was the site of a series of perennial freshwater lakes during the late Pleistocene
and early Holocene (Jefferson et al., 1982). The largest of these, known as Lake Manix,
may have covered an area of 77,700 hectares and was as much as 61 meters deep. The
lake supported an abundant and diverse fauna as demonstrated by the fossils of pelicans,
flamingos, bison, camels, mammoths, cats, canines, bears, horses, antelopes, sheep, fish,
shellfish, turtles and beetles which have been recovered from the lake bed and shore
deposits. Lake Manix was eventually drained along Afton Canyon about 15,000 years ago
(Jefferson et al., 1982; Meek, 1989), and the course of the Mojave River then divided the
basin into two smaller lakes, which were responsible for forming the playas now known as
Troy Dry Lake to the south of the Mojave River and Coyote Dry Lake to the north.

In the late Pleistocene the Mojave river flowed from the San Bernardino
Mountains to Death Valley through a series of lakes, including lakes occupying the Manix
Basin (Jefferson et al., 1982). Today, there is above ground flow in the Mojave River
ephemerally after storms and perennially where natural underground barriers force the
water to the surface (Tugel and Woodruff, 1986). The amount of water flowing in the
Mojave River averaged 81 million cubic meters per year between 1936 and 1961, but
levels as high as 392 million cubic meters and as low as 13 million cubic meters have been
reported (Mclntire, 1986b).

This study focuses on that part of the Manix Basin bounded by the Calico
Mountains on the west, the Alvord Mountains and Coyote Dry Lake to the north, a major

alluvial fan originating in the Alvord Mountains on the east, and the course of the Mojave
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River on the south. This area is centered at 35°00'N latitude 116°36'W longitude and is
shown in figure 2. The Calico Mountains are named for the variegated appearance
produced by the complex structure of strongly-colored Tertiary sedimentary and volcanic
rocks. The Alvord Mountains are composed of granitic intrusions of Mesozoic age
overlain by dark Tertiary volcanics which are in turn overlain by lighter-colored Miocene

fanglomerates (Buwalda, 1914; Woodburne et al., 1985).
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Figure 1: General sketch map of the southern 2/3 of California showing major highways
and the Manix Basin Area (box). Adapted from Sharp, Geology Field Guide: Southern
California, © 1976 Kendall/Hunt, reproduced by permission.
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Figure 2: Map of Manix Basin area showing several geological features of importance.
Primary study area indicated by box. Adapted from Sharp, Geology Field Guide:
Southern California, © 1976 Kendall/Hunt, reproduced by permission..
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The primary soils of the study area are of the Cajon Series, which are very deep,
somewhat excessively drained soils on alluvial fans and river terraces (Tugel and
Woodruff, 1986). A “somewhat excessively drained” soil means that water is removed
from the soil rapidly and internal free water is either very rare or very deep (USDA,
1993). These soils formed in alluvial material derived from granitic source rock, and the
soil surface slope ranges from 0-15 % and they have a 0-25 cm thick A horizon (Tugel
and Woodruff, 1986).

All of the Cajon topsoils in the study area are generally either undesirably gravelly
or sandy. Most of the soils in the area are considered to be very highly wind erodible,
requiring intensive measures to control wind erosion. The small amount of gravelly sand is
only moderately wind erodible. The hazard of water erosion is generally slight, but the
Cajon loamy sand is listed as unsuitable for embankments, dike, and levees because of the
potential for piping. These soils are considered to be non-saline by the Soil Conservation
Survey (Tugel and Woodruff, 1986; USDA, 1993), which means that the conductivity of
the saturation extract is less than 2 dS/m (deciSiemens per meter).

Analysis of four samples of soil from a part of the study area not on or immediately
downwind of abandoned or active fields (referred to as “undisturbed desert™) are
summarized in table 1, along with corresponding data on the three dominant soil types of
the area from Tugel and Woodruff (1986). These four soil samples were collected from
an area approximately 0.1 km north of the limit of the UDSA Soil Conservation Service

Survey at approximately 34° 59" 45" N latitude and 116° 39' 30" W longitude.
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Table 1: Comparison of Soil Data for the Study Area

Cajon Sand Cajon Cajon Loamy 4 Samples
Gravelly Sand Sand Outside USDA
Survey Area

Gravel (> 2mm) | 25-50% 0-25% 0-25% 2-12%

Coarse Sand' 0-50% 15-60% 0-50% 27-36%

Fine Sand' 0-50% 15-55% 20-70% 50-58%

Silt and Clay’ 5-25% 5-25% 10-30% 8-12%

pH 7.4-8.4 7.4-8.4 7.4-8.4 7.8-8.2

Salinity (dS/m)* | <2 <2 <2 0.3

" “Coarse sand” here is the “medium sand” class from the unified system and “coarse

sand” from the USDA system. “Fine Sand” here is the “fine sand” class from the unified

system and it combines the “very fine,” “fine,” and “medium” sand classes from the USDA
system. The particle size analyses reported by Tugel and Woodruff (1986) use the Unified
particle size system. Particle size analyses on soils collected in this study were performed

using the USDA (1993).

The four soil samples from the undisturbed desert yield a particle size distribution
which classifies the soil as a “sand” (USDA, 1993). The silt and clay fraction is too small
for the soil to be considered “loamy,” and the gravel fraction is too small for the soil to be
considered “gravelly.” These soils are most likely Cajon sand with slopes under 2%. The
dominance of fine sand in these soil samples indicates strong susceptibility to wind

erosion.
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Part 2.2: Climate

The processes of land degradation depend strongly on rainfall and the wind regime.
Temperature is important to the rate at which water is lost from the soil through
evapotranspiration, and the water content of the soil is very important to the processes of
wind erosion. The state of the vegetation is highly dependent on rainfall and
evapotranspiration. For these reasons, climatic data for the area are very important.

A small municipal airport located just southeast of Barstow near the town of
Daggett has provided daily climatological data extending back to before 1961 and hourly
wind speed and direction data extending back to 1961 (NREL, 1991a, 1991b). In
addition, some rainfall and temperature data have been collected by stations located in the
city of Barstow (NCDC, 1986a; NCDC, 1972-1991). The field area is part of the
California Southeastern Desert Basins climatological division (NCDC, 1990a; NCDC,
1972-1991) for which the National Climate Data Center has released monthly and annual
temperature, precipitation, and Palmer Hydrological Drought Index data covering 1895—
1990 (NCDC, 1990a). Since this climatological division covers an area extending from
the Lee Vining, California station near Mono Lake in the north to the Calexico station at
the U.S.-Mexico border in the south (NCDC, 1972-1991), these climatological division
data probably do not give a good representation of the conditions in the study area or for
any particular location in the climatological division. This strongly suggests that climate
data used as part of a monitoring program should be taken from the nearest station to the

area of interest.
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NCDC (1986a) gives the average annual precipitation for Barstow over the period
1951-1977 as 9.65 cm, with extreme rainfalls of more than 13.2 ¢cm or less than 5.23 cm
each expected 2 years in each decade. The average daily temperature at Barstow for this
period was 63.8°F with an average daily minimum of 47.6°F and average daily maximum
of 80.3°F (NCDC, 1986a). The length of the growing season at Barstow where the daily
temperature does not drop below 32°F ranges between 201 and 262 days, and it is slightly
longer in the Daggett-Yermo-Newberry area (NCDC, 1986a), which is nearer to the study
area than Barstow itself.

Strong winds are common in the study area (NCDC, 1986a; NREL 1991b). The
strongest wind ever recorded in the area was 40.5 m/s from the west recorded in June
1959 (NCDC, 1986a) The average wind speed at Daggett is 5 m/s (NREL, 1991b), which
is only 0.56 m/s lower than the standard wind speed where sand begins to be lifted and
carried (NCDC, 1986a). NCDC (1986a) data on the average percentage of time that wind
speeds exceed the sand mobilization threshold of 5.56 m/s are shown in table 2.

The direction from which these highly erosive winds blow is summarized by data
from NCDC (1986a) shown in figure 3. Figure 3 shows that 92.8% of the erosive winds
blow towards directions between SE and NE, and that 82.7% of the erosive winds blow
towards directions between ESE and ENE. It is important to realize that the Calico
Mountains which are positioned just to the west of the study area may modify the wind

regime compared to Daggett Airport which has no such features nearby.
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Table 2: Average Percentage of Time Winds Exceed
5.56 m/s at Daggett Airport

Month Percentage of Time
January 16
February 31
March 45
April 50
May 65
June 54
July 41
August 39
September 33
October 24
November 21
December 12
Annual 36
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Figure 3: Rose diagram showing the percentage of erosive winds blowing rowards each
compass point at the Daggett Airport which is located about 20 miles SSE of the Manix
Basin field area. Erosive winds are winds exceeding 5.56 m/s. Meteorologists typically
define winds in terms of the direction the winds is blowing from. As shown in this figure
30.2% of the erosive winds blow from West to East.
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Part 2.3: Vegetation

The vegetation of this climatically harsh area is strikingly different from that of
more humid areas, which has important consequences for remote sensing. The vegetation
of the field area is dominated by a creosote bush and white bursage community (Larrea-
Ambrosia). The creosote bush is the species Larrea tridentata, which is sometimes
known as “gobernadora” which is the only one of the five Larrea species present in North
America (Abrams, 1951; Hunziker et al., 1977). The other four species of Larrea occur
in South America, and two of them, Larrea divaricata (“jarillo”) and Larrea cuneifolia,
are as ubiquitous in arid and semi-arid regions in South America as Larrea tridentata is in
arid and semi-arid areas in North America. The creosote bush (Plate 2) is an evergreen
shrub with small green leaves which have a thick cuticle covered by a sticky resin (Mabry
et al., 1977, Fitter and Hay, 1987). A principal component of the sticky resin is a
substance known as NGDA (nordihydroguaiaretic acid) which was an important food
preservative in the early to mid 1900’s (Mabry et al., 1977). The creosote bush is capable
of shedding leaves and even twigs and branches during extremely dry conditions (Fitter
and Hay, 1987).

The other dominant shrub in the study area is the white bursage (Ambrosia
dumosa), which is sometimes called burro bush (Abrams, 1960). The white bursage is a
short shrub whose canopy is composed of a dense thicket of twigs (Plate 3). The leaves
are generally very small and remained tightly curled during dry conditions. During wet

conditions, fully developed leaves, sometimes with very complex edges will be present.
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The leaves are covered with fine, white hairs and have a gray-green to silvery appearance.
Seeds are contained in small burrs which can catch on the fur or feathers of animals which
come in contact with the plant.

A small desert grass is ubiquitous in this area. As shown in plate 4, this grass is
typically dry and yellow, and has never been observed to be green during any of the on-
site investigations. A potted sample of this which was returned to Caltech produced green
blades when water was added, but it was unclear if this was new growth or a greening of
existing blades. Tugel and Woodruff (1986) list Indian ricegrass (Oryzopsis hymenoides)
as the grass species occurring on the soils in this area, but the 10 c¢m tall blades observed
in the field seem quite inconsistent with the 30-60 cm height quoted by Hitchcock (1935).
The height of fluffgrass (Erioneuron pulchellum) at less than 15 cm (Hitchcock, 1935)
seems more consistent with the observed height, and the appearance of the small clumps
of grass is consistent with illustrations in Hitchcock (1935).

The last major species encountered here is the classic symbol of desert desolation
in the American West, the tumbleweed. The tumbleweed, or Russian thistle (Salsola kali)
is actually an import from Eurasia which is extremely common in disturbed areas (Abrams,
1944). Despite its shrubby appearance (Plate 5) this is an annual plant, which will soon
dry up and break free from the ground to be driven across the landscape by the wind,
scattering its ripe seeds as it rolls. The shrubby appearance of this plant can easily mislead
the casual observer into comparing tumbleweed cover on a badly disturbed area to the
cover of perennial shrubs in an undisturbed area and concluding that the disturbed area has

recovered or is recovering.
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Plate 2: Photograph of typical creosote bush (Larrea tridentata), notice small evergreen
leaves and sparse canopy.
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Plate 3: Photograph of typical white bursage (Ambrosia dumosa) shrub, notice the gray-
green color and the dense thicket of twigs.
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Plate 4: Photograph of typical patch of dry desert grass, notice the yellow color.
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Plate 5: Photograph of typical tumbleweed or Russian Thistle (Salsola kali), which is a
common annual plant. This is a species common in areas which have been distubed by

human activity. Although it looks like a shrub, it is an annual weed.
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Other plants have also been occasionally observed in the area such as woolly daisy
(Eriophyllum wallacei), chinchweed (Pectis papposa), desert velvet (Psathyrotes
ramoisissima), and smoke tree (Dalea spinosa). The succulents, such as cactus and
yucca, which are common in many desert areas are virtually absent in this area. However,
the amount of area covered by all of these minor species combined is dwarfed by that
covered by any of the four dominant plant types, creosote bush, bursage, tumbleweed, and
desert grass (the grass and tumbleweed can drop to very low levels under conditions of

heavy drought, and at certain times of year).

Part 2.4: Humans in the Manix Basin

Human activity initiates land degradation, so the length of time humans have been
active in the region is important, as is the nature of their activities. Humans have been in
the Manix Basin area since prehistoric times as revealed by the Calico archeological site
(Leakey and Simpson, 1972; Jefferson, 1982) located just at the western edge of the study
area. Pedro Fages commanded Spanish forces who were the first Europeans to explore
parts of the Mojave River Valley and encounter the Serrano (a branch of the Shoshone
Indians) and the Chemehuevi (a branch of the Paiute Indians) who lived in the area
(California Interstate Telephone Company, 1961). In the 1860’s, the U.S. Army
established Camp Cady on the Mojave River 15 miles downriver of Daggett to protect
cattle ranchers living in the area as well as travelers (Tugel and Woodruff, 1986). Camp
Cady also provided the garrison for Fort Piute and perhaps other posts which protected

the route between San Bernardino and Fort Mojave in Arizona (Frazer, 1972). The
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location of Camp Cady would place it just southeast of the study area, and the site
reportedly had an abundant water supply

In 1882, the Calico mining camp began producing silver from the Calico
Mountains, and the Southern Pacific Railroad started a line from Mojave, California to the
Colorado River (Tugel and Woodruff, 1986). Daggett became an important supply and
transportation center for mining operations, but this began to change when the Santa Fe
Railroad line running from San Diego through the Cajon pass joined in 1885 with the
Atlantic and Pacific Railroad at the site of what became Barstow, 15 km west of Daggett,
(Tugel and Woodruff, 1986). In 1905, the San Pedro, Los Angeles, and Salt Lake
Railroad was constructed to run from Riverside to Daggett and on to Salt Lake City, and
after this line was purchased by the Union Pacific Railroad, Yermo became a division
point (Tugel and Woodruff, 1986).

The area around Daggett became the first large area of the Mojave Desert to be
irrigated through the construction of the Daggett Ditch over the period 1884-1902
(Mead, 1901; Tugel and Woodruff, 1986). The Daggett Ditch was built by the Marysville
and Nevada Power Company at a cost of more than $3,000 (1901 dollars), and it diverted
water from the Yuba River in northern California to Daggett (Mead, 1901). In 1913, the
United States Department of Agriculture (USDA) reported that the amount of irrigated
land in the Mojave River area exceeded 4,000 hectares (Adams, 1913). At that time, the
USDA estimated that 45,200 hectares of the Mojave Desert could ultimately be irrigated
(Adams, 1913). By 1917 there were 1,238 hectares of land in the Mojave River and

Victor Valley areas irrigated by water diverted from the Mojave River, and 2702 hectares
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irrigated by water from wells (Tugel and Woodruff, 1986), giving a total of 3,940 hectares
of irrigated land. By 1934 the total irrigated area had dropped to 2620 hectares, with
between 80 and 120 hectares irrigated by water diverted from the Mojave River (Tugel
and Woodruff, 1986). The area of irrigated land exploded during the 1940’s to 7,200
hectares by 1951, and the irrigated area remained relatively steady from that time through
the mid-1980’s (Tugel and Woodruff, 1986).

Most of the early irrigation systems using water pumped from wells were flood-
type irrigation systems. Figure 4 shows a segment of a partially excavated flood irrigation
system on a field abandoned prior to 1972. The pipes would typically have been buried
until the vertical pipes (“risers”) were flush with the ground. Each of the vertical pipes is
topped with an alfalfa valve (basically a cap) which can be opened to allow water to flow
from the pipe. This pipe would be buried along the highest part of the field and the water
would then flow over and flood the field (Robinson and Humpherys, 1967). This type of
system is not discussed in Houk (1951), so it seems likely that this system came into
service during the late 1950°s. Figure 5 shows the most deeply buried riser along this
system. The 1970’s saw the introduction of sprinkler irrigation systems, which were
installed on land newly developed for cultivation and used to replace some of the flood
irrigation systems (Tugel and Woodruff, 1986). Some of these sprinkler systems were
designed to operate on rectangular fields but many were of the center-pivot type which

ultimately became the dominant type of system.



Figure 4: Photograph of old abandoned flood irrigation system in primary study area.

When this system was being used, there would be a cap at the top of the vertical pipe
forming an alfalfa valve which could be opened an closed to regulate the water flow.

Figure 5: Photograph of the most deeply-buried vertical pipe on the flood irrigation
system shown in figure 4.
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During the 1920’s there was a flirtation with growing deciduous fruit in the
Mojave Valley, and by 1929 fruit represented nearly 13% of the total crop value in the
area (Tugel and Woodruff, 1986). However, by 1934 most of the orchards and vineyards
were abandoned and only 1% of the crop value produced in the Mojave River area
resulted from fruit (Tugel and Woodruff, 1986). By 1934, nearly 90% of the irrigated
land was being used to grow alfalfa, and alfalfa hay remained the main agricultural product
well into the 1980’s (Tugel and Woodruff, 1986).

Beginning in the early 1970’s, center-pivot irrigation fields in the study area north
of the Mojave River began to be abandoned. Additional fields were abandoned at an
increasing rate during the 1980’s. Interviews with local residents revealed that the
primary reason for abandoning these fields was that the cost of electricity necessary to
pump the irrigation water increased to uneconomical levels. (Some of the residents hinted
that some environmentalistic persons were also agitating against the irrigated fields in the
area.) Over the last decade, some people have planted pistachio orchards, but nearly all of
the abandoned center-pivot fields are unused. This progressive abandonment of center-
pivot fields means that a series of fields at various stages in their evolution may be
observed at any one time.

Chapter 3 will show how human activity produces features which can be observed
and characterized using satellite and airborne data. Chapter 3 will also show how radar
data can be used to infer the existence and nature of features smaller than the pixel
resolution. The value of the series of abandoned fields in the Manix Basin will be shown

in chapter 4 with snapshots taken by airborne instruments. These snapshots will show the



importance of wind erosion as the primary land degradation process, and the close

relationship between plant cover and erosion will also be demonstrated.
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Chapter 3: The Marks of Human Activity

Human activity produces characteristic marks on the Earth which can be
recognized with both satellite and airborme remote sensing techniques. Agricultural
activity in arid regions produces geometrical areas of high vegetation cover, clearly
distinct in Landsat Thematic Mapper images. Viewing two images taken a year apart
shows that the most significant changes occur in the zones of human activity. These zones
of human activity also produce unusual features in polarimetric Synthetic Aperture Radar
(SAR) data, and the radar return can be used to infer features smaller than the resolution

cell of the SAR image.

Part 3.1: Orientation

Airborne remote sensing images cover small areas on the ground compared to
satellite remote sensing images, and before moving to the close view provided by AIRSAR
a broader view with satellite data is needed to provide a background for airborne data.
The broader temporal view provided by using satellite images taken annually reveals that
the significant changes occur over time where humans are interacting with the
environment. Plate 6 shows the Manix Basin area of the Mojave Desert as seen from a
satellite platform. This image was constructed by Robert Crippen at JPL by merging data
from Landsat Thematic Mapper collected on July 28, 1985 and from with that from the
French SPOT (Systeme Pour I’Observation de la Terre) instrument. Table 3 summarizes

the features of the Landsat Thematic Mapper. The TM data are displayed as band ratios.



Plate 6: Landsat Thematic Mapper image of the Manix Basin taken on July 28, 1985.
This image has been enhanced by Robert E. Crippen at Jet Propulsion Laboratory using
SPOT panchromatic data. Red is the ratio of TM band 5 to TM band 7, green is the ratio
of TM band 5 to TM band 4, and blue is the ratio of TM band 3 to TM band 1. The
geometric red patches are actively irrigated fields. The boxed area is enlarged in plate 7.
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Plate 7: An enlargement of the boxed area in plate 6 covering the primary study area.
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Plate 8: a) Landsat TM image taken on March 23, 1984. Red is TM Band 5/TM Band 7,
green is TM Band 5/TM Band 4, and blue is TM Band 3/TM Band 1. This image has not
been enhanced using SPOT data. Compare to plate 8b, and note how many of the
geometrical red areas (irrigated fields) in this image are not red in plate 8b.



Plate 8: b) TM image taken on July 28, 1985. Red is TM Band 5/TM Band 7, green is
TM Band 5/TM Band 4, and blue is TM Band 3/TM Band 1. This image has not been
enhanced using SPOT data. Compare to plate 8a, and note how many of the geometrical
red areas (irrigated fields) in this plate 8a are not red in this image.
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The red in plate 6 is the ratio of TM band 5 with TM band 7, which should be sensitive to

the presence of vegetation and the presence of green plants, since TM band 7 includes the

strong water absorption band near 2.0 pm. Data from the 10 m resolution SPOT

panchromatic band, which covers the spectra range from 0.51-0.73 pm, were used as a

general albedo to give higher resolution texture to the TM band ratios (Ford et al., 1990).

Table 3: Landsat Thematic Mapper (TM) Characteristics

Platform Satellite

Operation Altitude 705 km

Repeat Cycle 16 days

Spectral Coverage Band Number Range (um)
Band 1 0.45-0.52
Band 2 0.52-0.6
Band 3 0.63-0.69
Band 4 0.76-0.90
Band 5 1.55-1.75
Band 6 10.4-12.5
Band 7 2.08-2.35

Swath Width 185 km

Ground Resolution Band 1-5,7 30m

Band 6 120 m
Quantization Level 8 bits

Instrument Type

Whiskbroom Scanner

The two interstates shown in figures 1 and 2 can be clearly seen on this image.

Barstow California lies just off the lower left side of the image, where the two interstates

would intersect. The Mojave River runs roughly parallel to Interstate-15 from the lower
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left to upper right. Coyote Dry Lake can be seen as a nearly white patch in the upper left
part of the image. There are also many geometric patches of red, which are irrigated fields
with a great deal of plant cover. Abandoned fields can also be seen on this image as
circular and rectangular patches which differ in color from the surrounding desert,
sometimes only subtly.

The enlargement of plate 6 focusing on the primary study area in plate 7 shows the
active and abandoned fields more clearly. Coyote Dry Lake occupies the upper left
corner, with the Calico Mountains and a large alluvial fan occupying the lower left and
upper right corners, respectively. A small segment of the Mojave River can be seen
cutting across the lower right corner of the image. The trail which can be seen snaking up
onto and then along the alluvial fan is a path used by U.S. Army tanks since World War
Two to travel across the desert to Fort Irwin, located just north of the Manix Basin.

Plate 8 shows two TM images using the same band ratios as in plates 6 and 7.
Plate 8a is a TM image acquired on March 23, 1984, and plate 8b is the July 28, 1985
image. A comparison of plates 8a and 8b show relatively little variation in the images in
areas not occupied by agricultural fields. There are a few changes in the surface of the
Coyote Dry Lake playa, and a segment of the Mojave River seems to be much more
heavily vegetated in 1985 than in 1984, but the areas not directly altered by man have
changed little (the greening in the Mojave River may have been due to human activity).
Five fields north and two fields south of I-15 are inactive in 1985 after being active in
1984, while three fields south of I-15 are active in 1985 after being inactive in 1984.

(These two images have not been inter-calibrated, so differences in atmospheric
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properties, instrument characteristics, and solar geometry between these two images have
not been removed which could give the appearance of ephemeral change where no real
change on the surface has occurred.)

Part 3.2: A First Look with Radar

The nature of the radar return from a surface provides a great deal of information
about the roughness and orientation of the surface being observed. The modifications of
the Earth’s surface through human activities can be readily seen in radar data. Plate 9is a
three color total power image of JPL Airborne Synthetic Aperture Radar (AIRSAR) data.
In this image the total backscattered power received by the instrument in the C-band (5.7
cm) is shown in blue, the total power in the L-band (24 cm) is shown as green, and the
total power in the P-band (68 cm) as red. AIRSAR is an airborne instrument which flies
at about 8 km altitude, while the Landsat satellite flies at 705 km altitude. Additionally,
AIRSAR is a side-looking radar (SLR), which introduces distortions caused by the
changing incidence angle across the instrument swath. Nominal AIRSAR characteristics

are summarized in table 4.

Table 4: Nominal AIRSAR Characteristics

Platform Airplane (DC-8)

Operational Altitude 7.9 km

Radar Wavelength C-Band (5.7 cm)
L-Band (24 cm)
P-Band (68 cm)

Polarization Full Stoke’s Matrix

Swath Width 12.8 km

Ground Resolution 10m
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Plate 9: Three-color composite of JPL, ATRSAR total backscattered power images. The
blue is the 5.6 cm C-band data, the green is the 24 cm L-band data, and the red is the 68
cm P-band data. AIRSAR flew from left to right across the bottom (south) edge of this
image.
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The most important characteristic of the target which affects the radar return is the
surface roughness. A smooth, mirror-like surface (sometimes called a “facet”) strongly
reflects radar energy in accordance with the law of reflection. Since the radar is side-
looking, the only way in which energy reflecting from facets can be detected is if the facet
happens to be oriented at an angle perpendicular to the incoming radar signal. Radar
return from facets is typically referred to as “specular” scattering.

The radar return from most natural targets is caused by scattering caused by small-
scale surface roughness. There are two simple ways in which this has been modeled. The
first model is the point scattering model which assumes that the surface behaves as a series
of uncoupled isotropically radiating points. This model leads to the Lambertian scattering
law:

c(0)= No,cos’ 0 (1),

where 0 is the incidence angle and o, is the ratio of energy received by the sensor from the
scatterer to the energy that would have been received from an isotropic scatterer which
scatters energy equally in all directions (backscatter cross section).

The other alternative is the Bragg scattering model which divides the surface into its
Fourier components, and then assumes that the backscatter is mainly due to the spectral

component leading to Bragg resonance with the incoming radar wavelength (A):

N nA
" 2sinB

n=12,.. 2)

The n =1 term gives the strongest scattering. The practical result of both the point

scattering and Bragg models is that radar backscatter, for constant dielectric constant and
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in the absence of specular scattering, is directly proportional to the amount of surface
roughness close to the scale of the radar wavelength.

Polarization, which defines how the electric field vector is oriented, can provide
information on the nature of the surface roughness. Two angles are used to define
polarization, the orientation angle () and the ellipticity angle () which are related to
each other as shown in figure 6. Table 5 summarizes the definitions of the four
fundamental polarizations in terms of  and y. For linear polarization, ¥=0°, and y=+45°
for circular polarization. The method of describing handedness used in this study is the
standard for the Institute of Electrical and Electronics Engineers (IEEE, 1979). This is a
more “natural” way of describing the handedness of polarization than the traditional optics
form because the IEEE standard defines the handedness based on the rotation direction of
the electric field vector in space(Jackson, 1975; Born and Wolf, 1980). It should also be
noted that the orientation angle is rotated 90° counter-clockwise by some authors (e.g.,

Ulaby and Elachi, 1987), making y=0° vertical polarization.

Table 5: Basic Polarizations

Polarization Orientation Angle: Ellipticity Angle:
L' X
Linear Horizontal (H) 0° or 180° 0°
(Generally parallel to the
Earth’s surface.)
Linear Vertical (V) 90° 0°
(Perpendicular to H
polarization.)
Right Hand Circular (R) 0° -45°
Left Hand Circular (L) 0° +45°




54

I

Figure 6: The polarization ellipse showing the relationship between the orientation angle
v and the ellipticity angle %. The amplitudes of the horizontal and vertical components of
the electric field vector are shown by a, and a,. The tip of the electric field vector traces
out the ellipse shown in the plane perpendicular to the wave propagation.

In active remote sensing, such as radar, the polarization of both transmitted and
received signals can be chosen, so “polarization” in radar is defined by both the
transmitted and received polarizations. Pairs of letters are used for radar polarizations with
the first letter indicating the transmitted polarization and the second letter indicating the
received polarization. For either circular or linear polarizations there are four mutually
orthogonal radar polarizations — VV, HH, VH, and HV for linear polarizations; RR, LL,
RL, and LR for circular polarizations.

If complex scattering amplitudes are known for all of the orthogonal radar

polarizations, it is then possible to synthesize the scattering for any combination of

transmitted and received polarizations (van Zyl et al., 1987a, 1987b; Zebker et al., 1987a,



1987b). This provides a complete description of the polarization response of the target

for a given incidence angle and look direction. Zebker and Norikane (1987) demonstrated

the power of using the polarization response to gather information about the orientation of

the observed target.

The AIRSAR instrument measures all four complex scattering amplitudes by first

transmitting an H-polarized pulse and then receiving the HH and HV responses

simultaneously. The antenna then switches electronically to V polarization and transmits a

V-polarized pulse. Table 6 summarizes some of the characteristics of the AIRSAR data

used in this study. There are differences between this table and the nominal AIRSAR

characteristics given in table 4, which shows how the nominal values may not be the same

as the real values. The characteristics not listed in table 6 are the same as those in table 4.

Table 6: Characteristics of Manix Basin AIRSAR Data for June 28, 1990

Characteristic Value
Instrument Altitude 7826 m
Resolution (cross-track) 6.66 m
Resolution (along-track) 12.10 m

The AIRSAR data were calibrated using the technique described in van Zyl

(1990). In this technique, a single trihedral corner reflector boresighted on the AIRSAR

instrument (which causes the trihedral corner reflector to have the same polarization

response as a large sphere) and a natural target are used. For the AIRSAR data in this

study, there was no corner reflector in the image, but data analyzing trihedral corner
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reflector data were available for a flight on June 24, 1990. According to van Zyl (1991,
personal communication), the AIRSAR instrument is sufficiently stable to allow the use of
the analysis data from June 24, 1990 along with a natural target in the image for data
calibration. This calibration corrects for errors in the phase relationship between
polarization channels, errors due to imperfections in the radar antenna which cause
imperfections in the polarization states (“crosstalk™), absolute amplitude and channel gain
balance (Zebker et al., 1987a). The trihedral corner reflector data are only needed for the
absolute amplitude and channel gain balance calibrations (Zebker et al., 1987a). The
calibration was performed with a JPL program called POLCAL, which was written by
Jakob van Zyl and runs on a VMS-based VAX.

Looking at plate 9 which represents the total backscattered power in all
polarizations in each wavelength, many human constructions can be seen. There are three
parallel lines of bright points crossing the image diagonally and another single line of
points running diagonally across the lower part of the image. All four of these lines of

bright points are cause by a series of metal towers supporting power lines.
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Figure 7: The three single-band total power images which comprise plate 9. The
elliptical appearance of the dark abandoned fields in the upper part of the image is due to
the fact that the incidence angle of the radar increases from the bottom of the image to the
top of these images. The radar flew left-to-right (west to east) across the bottom of the
image. Bright regions are typically rougher than dark regions. Very bright pixels are
usually caused by metal objects, specular reflections, or resonance. a) C-band (5.6 cm)

total power image. Notice that the active fields at the bottom of the image are nearly
uniformly bright.
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Figure 7b): L-band (24 cm) total power image. Notice that the bright diameter indicated
by the arrow is made of very bright pixels separated by dimmer pixels giving the
appearance of a string of pearls. Notice also the three bright diameters on the active field
in the box near the bottom of the image. The boxed area is enlarged for figure 10b.



Figure 7¢): P-band (68 cm) total power image. Notice the indicated straight irrigation
systems on rectangular fields.

59



Active fields can be seen in the lower part of the image as bluish circular and
elliptical patches, while abandoned fields can be seen as similarly-shaped dark patches The
blue color of the active fields indicate that they are rough at the scale of the C-band radar,
meaning there are many scatterers in the range of 5-6 cm in size. Many of the abandoned
fields are surrounded by circular fences, and some linear fences can be seen in the images.
All of the active fields and all but one abandoned field have a single bright radius that is
caused by the overhead pipe of the center-pivot irrigation system. The distorted elliptical
shape of many of the abandoned fields is caused by the changing antenna footprint. The
low altitude of the aircraft causes pixels to get compressed in the look direction of the
radar and expanded in the direction parallel to the line of flight as the incidence angle of
the radar varies.

The three parts of figure 7 show the three bands which were combined to form
plate 9. In figure 7a, the active fields at the bottom of the image are entirely bright, which
shows that the alfalfa plants on these active fields are very strong scatterers on the 5-6 cm
scale. Figures 7b and 7c show these active fields as substantially fainter which occurs
because of the greater ability of the longer wavelengths to penetrate through the
vegetation canopy and the decrease in the effective roughness of the vegetation as the
radar wavelength increases.

The irrigation systems used for these fields can be seen very clearly in 7b and 7c,
and slightly less well in figure 7a. All but one of the circular, center-pivot fields have a
single bright radius, which delineates the overhead pipe used for center-pivot sprinkler

irrigation. The relatively weak response in the C-band is due to the fact that the pipes
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have a smooth, curved surface. A close look at some of these center pivot fields as
indicated in figure 7b, shows that the bright radius is composed of a series of very bright
points separated by slightly fainter pixels. This response shows that most of the strong
scattering from the irrigation systems is due to the wheeled supports which hold the pipes
overhead. In figure 7c several irrigation systems on rectangular fields are indicated. The
one indicated north of the diagonally-running triple power lines is an old flood irrigation
system as described in chapter 2. Looking at the various parts of figure 7, this system is
most clearly visible in the P-band. The irregular visibility of this system is caused by the
fact that it is partially buried. The fact that the system appears most continuous in the P-
band is most likely due to the greater penetration of the longer radar wavelengths.

Plates 10, 11, and 12 are three color composite images for each band where
different polarizations are used for the different colors. In each case, the blue color is the
cross-polarized VH polarization, green is the co-polarized VV polarization, and red is the
co-polarized HH polarization. In the C-band image, plate 10, most of the undisturbed
desert is bright green, which indicates that the dominant polarization is VV. The Bragg
model for rough surface scattering predicts that VV polarization will be the strongest
polarization for a slightly rough natural surface (Kuga et al., 1987). Notice the area
pointed out by the arrow on the relatively dark center-pivot field. The indicated bright
patch is a region of heavily-clumped white bursage. Note that the upper center part of the
image has a slightly red tinge indicating a stronger HH response. This may indicate a
different substrate than exists in the rest of the image, but the Bragg model predicts a

more equal balance between HH and V'V at large incidence angles.
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Plate 10: A three-color composite composed of single polarization images in the C-band
(5.6 cm). The blue is VH polarization, the green is VV polarization, and the red is HH
polarization. The general green (VV) background is what Bragg scattering of slightly
rough surfaces predicts.
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Plate 11: A three-color composite composed of single polarization images in the L-band
(24 cm). The color scheme is the same as in plate 10. Notice the purple and green-blue
chirps of L-band noise and the exceptionally strong V'V (green) return on the small
circular field.



Plate 12: A three-color composite composed of single polarization images in the P-band
(68 cm). The color scheme is the same as in figure 20. Notice the strong HH (red)

interference in the upper half of the image caused by radar at Fort Irwin which is located
just north of this image.
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A series of strange features are present in plate 11 as short, vertically-oriented
strips of pink and blue-green. These strips are clearly due to some sort of L-band radar
transmitting from either the Daggett Airport to the southwest or Fort Irwin to the north.
The changing color either indicates a single radar changing polarizations or at least two
radars with different polarizations. It is also possible that the interfering radar is mounted
on civilian or military aircraft. Fortunately, all of the pulses miss the areas of interest,
active and abandoned fields. The small center-pivot field in the 1-shaped patch south of I-
15 exhibits a very strong VV return, which may indicate that tall plants were growing on
this field.

The P-band polarization image shown in plate 12 clearly has a serious problem.
There are a large number of red streaks extending from the north edge of the image, which
swamp virtually all other returns. This is clearly due to some sort of P-band radar located
on Fort Irwin. This strong signal renders the upper half of the image virtually unusable,

especially for the abandoned fields which have very weak returns.



Figure 8: Photograph of center-pivot irrigation system in the Manix Basin. Notice the
wheeled supports which scatter radar strongly, producing most of the return observed
from the center-pivot irrigation system..

Part 3.3: The Great Compact Discs of the Desert

In plates 9-12 and figure 7, many of the fields have a single bright radius aligned
parallel to the radar look direction (Ray et al., 1991; Ray et al., 1992a; Ray et al., 1992b).
This phenomenon was discussed by Ulaby et al. (1982), and it has been observed on
center-pivot fields in France by DuBois et al. (1992). As shown in figure 8, center-pivot
irrigation systems are supported by several sets of struts on wheels. The repeated travel of
these fields around the field ultimately wear ruts into the surface of the field. The sides of

these ruts generate specular reflections at the point along the circumference of the circle
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where the tangent line to the circle is perpendicular to the look direction of the radar
(Ulaby et al., 1982).

These active fields have a set of features which were not present on the fields in
France studied by DuBois et al. (1992). The French fields were plowed straight across in
linear rows, while the fields in the Manix Basin study area, as well as in other areas of the
arid and semi-arid western U.S., are plowed with furrows in concentric furrows. This has
at least two advantages. One advantage is the fact that the crop rows are not cut and
crossed by the irrigation system furrows. Another advantage is related to the problem of
wind erosion. Wind erosion is decreased by plants in rows which are perpendicular to the
direction of expected erosive winds, and a concentric pattern of crop rows provides
protection from winds blowing in any direction. We will see in chapter 4 how the
concentric circles also provide the greatest protection for the part of the field which has
the potential of losing the most soil The undulations produced by this concentric pattern
of furrows can also add to the specular reflections causing the bright diameter parallel to
the look direction (Ulaby et al., 1982; Ray et al., 1991; Ray et al., 1992b, 1992b).

In plate 11, the active field located just southeast of the Pacman-shaped field has
two bright diameters oriented about 45° from the look direction. These are analogous to
the diffraction pattern that can be seen from a compact disc when light strikes it at some
angles. From figure 7, it is clear that these spokes are L-band phenomena, which suggests
that they are due to a surface feature of a scale similar to the L-band wavelength of 24 cm.

This differs from the diameters parallel to the radar look direction which are strong in both
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the L- and P-band wavelengths. A reasonable candidate for a surface feature of scale

comparable to the 24 cm L-band wavelength is the concentric pattern of crop rows.

Part 3.4: Modeling the Spokes

Part 3.4.1: A Diffraction Model
[The principal results of this section were originally presented in Ray and van Zyl (1994).]

As suggested in part 3.2, the bright diameters, or spokes, look similar to the
diffraction patterns seen in reflections from compact discs. In view of this similarity, a
diffraction model of the scattering from the surface should be investigated. It is important
to bear in mind that SAR illuminates and receives scattered radar energy from an area
much larger than the size of a single pixel, so that the entire field is “seen” by the radar at
once.

There are two different limits of diffraction theory. The first limit is Frauenhofer
diffraction which occurs when the diffraction pattern is observed at distances which are
large compared to the size of the diffracting system and the illumination is also at a
distance much larger than the diffracting system. The Frauenhofer limit is also valid when
the light source and observer are near a line perpendicular to the plane of the diffracting
system passing through the center of the diffracting system. The case of these center-
pivot fields and the side-looking radar system clearly lies outside of the Frauenhofer case
(the radar would need to be more than 10,000 km away from the center of the field before
Frauenhofer diffraction would apply). Therefore, a Fresnel diffraction model must be

considered.
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0

Figure 9: Geometry for the Fresnel diffraction model. Py is the radiation source and P is
the point at which the diffracted field is observed. The surface normal is n, the vector from
the source to the diffracting system is represented by r and the vector from the
observation point to the diffracting system is represented by s.

The geometry used for the Fresnel diffraction model is shown in figure 9. In order
to keep the diffraction model simple, the field is considered as a flat disc with reflectivity
that varies as cos(ap), where p is the radial distance from the center of the field, and the
constant a defines the wavelength of the “undulations” in the reflectivity function. The
diffracted field is evaluated at point P in figure 9, which corresponds to the location of the
light source according to the Helmholtz reversion (or reciprocity) theorem (Born and
Wolf, 1980). The Fresnel-Kirchhoff diffraction formula for the intensity U at a point P is

given by Born and Wolf (1980):
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Figure 10a shows the results of numerically evaluating this integral with the radial
sinusoidal reflectivity function for the case when the platform is flying at 10,000 m altitude
in a straight line which is 7000 m from the center of the field at closest approach. The
wavelength of the surface “undulations” is 30 cm and the radar wavelength is 24 ¢m (the
same as AIRSAR L-band). The plot is a polar plot of the total intensity received along
each radius of the field. There is a region of strong return offset about 45° from the line
parallel to the radar look direction which can be compared to the bright spokes in figure
10b. Figure 11 shows how the pattern varies as the center of the field is moved closer and
closer to the flight line. The “spokes” open up further and further as the incidence angle
approaches the nadir. Simple experiments with a flashlight and compact disk in a dark
room will reveal a very similar result.

There are two obvious problems with this model. The first problem is thata
surface with physical undulations is being treated as a flat surface of varying reflectivity.
While there may be some justification for this from the results of diffraction modeling of
gratings having physically undulating surfaces and no true slits (Born and Wolf, 1980),
how well this extends to the case considered here is questionable. Second, Kirchhoff
theory assumes that the dimensions of the “opening” (in this case the wavelength of the

undulations) are large compared to the wavelength of the radiation, which is clearly not

the case here.
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a)

Figure 10: a) Intensity for the diffraction from a disk of radially sinusoidal reflectance
with a wavelength of 30 cm and an illumination wavelength of 24 cm at an incidence angle
of 35°. The distance of the point from the radial center is the total returned power. b)
Enlargement of active fields with bright diameters offset from the look direction. In both
cases observation is from the bottom edge of the figures.

35° 45°

Figure 11: A series of plots similar to figure 10a showing how the bright returns narrow
and increase in angular offset from the look direction as the incidence angle approaches
vertical. The further the point is from the center of the figure, the stronger the
backscattered return. Again, all three of these figures are observed from the bottom edge
of the figure.
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Part 3.4.2: Small-Perturbation Model

In view of the preceding problems with the simple diffraction model, a different
approach to modeling the surface was used. The second approach involves an
approximation of scattering from a rough surface by assuming small perturbations from a
smooth surface. This is known as the “small perturbation™ technique (or model), and it
can be viewed as analogous to a Taylor’s series expansion.

The small perturbation technique begins by using the Rayleigh approximation
(which is the same as the first Born approximation) to describe the scattered and
transmitted fields in terms of waves propagating away from the interface (Jackson, 1975;
Borm and Wolf, 1980; Kuga et al., 1987). In the region between the minimum and
maximum height of the rough surface there are scattered waves moving both up away
from the interface and down towards the interface. The Rayleigh approximation ignores
scattered waves that are traveling towards the interface (Jackson, 1975; Born and Wolf,
1980; Kuga et al., 1987), so any model using this hypothesis as its basis will not be able to
deal with double scattering. From this point, there are two different approaches to
formulating the small perturbation model (Kuga et al., 1987).

Either of the techniques result in the following expressions for the scattering

elements for the first-order scattered fields.:
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where ko is the wavenumber of the incident wave, 0 is the incidence angle, and € is the
complex dielectric constant. The function W(p,q) is the power spectrum of the surface
which is given by the Fourier transform of the surface. The first-order small perturbation
model attributes the scattering to Bragg-type scattering, and it predicts that the linear
polarizations are the maximum co-polarized returns for any given orientation angle (y)
with VV being the strongest and HH the weakest. The predicted cross-polarization
signature is a maximum at the circular polarizations and a minimum at the linear
polarizations, and the cross-polarization signature is constant at any ellipticity angle ().
In order to model the agricultural field with concentric furrows, the power
spectrum for a radial sinusoid must be computed. The properties of Fourier transforms in
aradial system state that a radially symmetric function has a radially symmetric Fourier
transform (Papoulis, 1962), which simplifies the problem to finding a one-dimensional
Fourier transform. The form of the Fourier transform for monochromatic sinusoids is well

known, and the resulting power spectrum consists of delta functions located at £, where
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wis the frequency of the sinusoid. However, the Fourier transform of cos(kp) is not
simply an annular delta function at distance k from the origin of the two dimensional
wavenumber space, which is what results from rotating the one-dimensional transform of
the sinusoid about the origin. The radial sinusoid is actually a band-limited sinusoid,
which is zero for negative values, rotated about the origin, so the Fourier transform
needed is the Fourier transform for the band-limited sinusoid. The band-limited sine

function with wavenumber k has the following Fourier transform:

k,
F(m)=%(8(k—k0)+8(k+ko))+k__k )
0

while the Fourier transform for the cosine is:

F(w)z%(ﬁ (k= ko) +8 (k +k,))+i 6)

k—k,
Flying in a straight line past one of these fields of concentric circles basically means
that the incidence angle of the radar on the field is changing. Figure 12 shows how the
power returned from a radially symmetric cosine surface with a wavelength twice that of
the radar. The smooth curve which decreases as the incidence angle increases is a classic
result of Bragg scattering. In figure 13, the result for a radially symmetric cosine surface
with a wavelength equal to the radar plotted on the same scale as figure 12. Now a very
strong spike is obvious at an incidence angle of 30°. Varying the wavelength of the
surface causes this spike to move to larger incidence angles as the wavelength of the
surface decreases and to smaller incidence angles as the wavelength of the surface
increases. For surface wavelengths longer than 1.4 times the radar wavelength, the

response looks similar to figure 12, while surface wavelengths shorter than 0.5 times the
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radar wavelength the response curve looks like figure 14. This large spike in
backscattered power would lead to bright spokes like those in the L-band radar images
(figure 7b and plate 11).

Why does the result in figure 12 occur? The reason can be seen in equation (2)
which gives the Bragg resonance criteria. In this case, the scale of the scatter and the
radar wavelength are the same. Notice that the sine of 30° is 0.5, so the incidence angle of
30° leads to the fundamental (n=1) Bragg resonance for a surface with undulations of

scale equal to that of the radar. The strong return spike is simply Bragg resonance.
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Figure 12: The total power response predicted by the first-order small perturbation
model from a surface with a radially sinusoidal undulation with a wavelength twice of the
radar plotted against incidence angle in degrees. The surface has a dielectric constant of
2.0.
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Figure 13: The total power response predicted by the first-order small perturbation
model from a surface with a radially sinusoidal undulation with a wavelength equal to that
of the radar plotted against incidence angle in degrees. Notice the strong return driven by
Bragg resonance at and incidence angle of 30°.
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Figure 14: The total power response predicted by the first-order small perturbation
model from a surface with a radially sinusoidal undulation with a wavelength twice of the
radar plotted against incidence angle in degrees. Notice that the weakest returns occur at
near-normal incidence and the strongest ones occur at the largest incidence angles.
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There are problems with the small perturbation model of these surfaces as well.
The small perturbation model expects that the slopes of the surface be small with respect
to the radar wavelength (van Zyl et al., 1987b), which is not true when the surface
wavelength is smaller than about twice that of the radar. Also, the variations in surface
height must be smaller than about 0.1 times the radar wavelength, and the undulations that
occur due to these planting furrows are on the order of 2 cm, which is close to the limit of
this criterion.

Part 3.4.3: Conclusions

Although both of the scattering models discussed above have significant problems,
an important conclusion about the two bright spokes which are not parallel to the look
direction can still be made. These spokes can only arise when there are concentric
undulations which have a wavelength very similar to the wavelength of the radar. An
estimate of the wavelength undulations can be made by using the orientation of the
spokes.

From the incidence angle of the center of the field at the closest approach of the
platform (36°) and the altitude of the instrument (7826 m) the perpendicular distance from
the radar flight line to the center of the field can be found (5686 m). The orientation of
the bright spokes is about 45° from the look direction, which make the incidence angle
when the spokes were observed 45.8°. Substituting this result into the equation for Bragg
resonance with the radar wavelength on 24 cm the wavelength of the surface undulations
is found to be 16.7 cm, which is consistent with the spacing of the furrows on active fields

in the area.
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A consequence of the above results is the fact that fields any closer to the AIRSAR
flight line will have spokes open at broader angles than the 46.8° indicated above, which
will probably place them outside the radar beam. The small circular field directly north of
the field with the spokes may also fall outside the radar beam before the required angle is
reached. The Pacman-shaped field just northwest of the field with the spokes is a more
serious problem. According to the calculation from the field with the spokes, bright
spokes would be expected on this field at 38° from the look direction. The absence of
spokes may be due to the alfalfa on that field being higher and wetter which would prevent
the L-band signal from penetrating the canopy. The Pacman-shaped field is brighter in the
L-band overall than the other active fields in the image. It is possible that the field was
irrigated more recently than the other fields, which would make the canopy wetter and

prevent radar penetration.

Part 3.5: A Lasting Impression

The AIRSAR data also reveal that the marks made by human activity persist for
many years after the human activity ceases. Many of the abandoned fields have the single
bright diameter parallel to the radar look direction. These are also caused by specular
reflection from the ruts caused by the irrigation systems. The ruts are nearly 5 cm deep
and 15 cm wide, and formed of heavily packed dirt. This makes them a very persistent
feature of the surface which cannot be removed without a good deal of