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ABSTRACT

Desert ecosystems spanning moisture conditions from dry grasslands to barren hyper-arid landscapes are the largest
terrestrial biome with more than 40% of the terrestrial landmass. Remote sensing data provide an efficient cost-
effective means to assess biophysical indicators of land degradation and desertification, providing that essential
ecosystem properties can be monitored. We review the spectra characteristics of plants and soils that are
detectable using optical sensors and methods to identify and quantify properties that have potentia for monitoring
arid ecosystem processes.  Vegetation indexes have little sensitivity at low leaf area, particularly when the soil
background is highly variable, as is characterigtic of many arid systems. Additionally, accumulated dry plant
materiad on the soil surface challenges measurement.  Although the absorption characterigics of the major
biochemical constituents of plants and soils are generally understood, the methods to retrieve this information from
reflectance data and to understand the significance of how the structura organization aters the absorption features
remains an area of active research. The overlapping absorption features of plants and soils preclude direct
assessment of many biogeochemicals of interest. New biophysical methods that take the full spectral shape into
account, including the effect of one compound on the spectral absorption of another, are needed to reduce
uncertainty in their estimates. As a result, despite significant progress in developing fundamental understanding of
ecosystem processes and optical properties, more research is needed before fully predictable quantitative methods
are available.
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1 INTRODUCTION: DESERTSAND DESERTIFICATION

Desert and dryland ecosystems, incuding hyperarid, arid, semiarid, and dry subhumid areas are the largest
terrestrial biome, about 41% of the terrestrial landmass [1]. Deserts are categorized by precipitation with extremely
arid lands having at least 12 consecutive months without precipitation, arid lands having less than 250 mm annual
rainfall, and semiarid lands having mean annua precipitation between 250 and 500 millimeters [2]. Arid and
extremely arid lands are deserts, and semiarid and dryland ecosystems are generally grasdand or savanna. Deserts
have evolved into their modern distributions (Figure 1) largely in response to Quaternary climate conditions,
superimposed on local environmental factors. Present desert expansion is attributed to land degradation from land
use, land use change, and climate change [1]. There is growing evidence that human activities are creating
unprecedented rates of ecosystem change such that novel combinations of climate and disturbance factors may
perhaps exceed the capacity of current ecosystems to adapt. Desert ecosystems are typically fragile and even small
perturbations can have long-lasting impacts on the distribution of vegetation and on functionality of the landscape
[3-4]. Vegetation change may have positive feedbacks to climate that accelerate change [5]. Conversdly, within
the historic range of climate, vegetation distributions tend to be stable, despite large inter-annual variability [6].
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Figure 1. Globa distribution of arid ecosystems [1].

Desertification is defined as “land degradation in arid, semiarid, and dry subhumid areas resulting from various
factors, including climatic variations and human activities’ [1], where land degradation is defined as reduction or
loss of biological or economic productivity. [7] identified three processes that promote desertification: 1)
deterioration of vegetation cover from overgrazing, wood cutting and burning; 2) wind and water erosion from
improper land management; and 3) salinization from improper irrigation management. Desertification affects all
continents (except Antarctica), and 10-20% of global arid systems are believed to be degraded. Because nearly
one-third of the human population livesin arid regions, the threat of desertification ranks among the most important
environmental problems and has significant impacts on meeting human well-being.

Many interacting factors affect the ecosystem sustainability and resistance to degradation (Figure 2).
Maintenance of the biotic composition, diversity, and cover is essential to sustainable productivity. In addition to
plant factors, maintenance of soil quality processes, including soil texture, nutrient, and biogeochemical cycles, soil
microorganisms and biological crugt, and resistance to wind and water borne erosion is dso essential to sustaining
the health of the ecosystem. Changes in vegetation characterigtics and shifts in phonological cycles may accelerate
impacts from climate variability and land use. To protect arid lands from accelerated desertification and reduce the
potential for feedbacks that may accelerate global climate changes, it is important to understand these integrated
€Cosystem responses.

Deserts and semi-arid ecosystems are by definition limited by water. Low but highly variable precipitation,
often with unpredictable periodicity, dominates the responses of desert ecosystems [8-10]. Fractiona cover,
biomass and leaf area are generally proportional to precipitation and available soil moisture [11]. Life forms shift
depending on the predictability of precipitation, with grasses more abundant under predictable precipitation regimes
and shrublands dominating when rainfall becomes more irregular in timing and amount [3],[10],[12]. A primary
driver of desertification is loss of vegetative cover which creates a positive feedback to lower precipitation [13].
Desert ecosystems are often secondarily limited by nutrients, particularly nitrogen [14]. In contrast, nitrogen
deposition along with CO, enrichment islikely to enhance growth and affect other ecosystem attributes like species
composition, growth form, and phonological patterns [14]. Enhanced growth may also alter delicately balanced
desert ecosystem functions—changing nutrient, fire and water cycles. Conditions that favor succession may
promote invasion by exotic species. A landmark study by Schlesinger et al. [3] showed a progressive pattern of
desertification occurred as soil nutrients became less uniformly distributed as an ecosystem transformed from
grassland to desert shrubland, that lead to unproductive barren soil between idands of higher fertility. How deserts
will respond to multiple Smultaneous environmental changes becomes highly uncertain. An increase in inter-
annual climate variability (e.g., El Nifio precipitation) could under multiple stressor conditions, exceed a threshold
and produce a step change in ecosystem structure and function [5].
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Figure 2. Interactions among climate and human activities that affect functioning of arid ecosystems.

The firg few centimeters of soil are the most fertile and most susceptible to rain and wind erosion. Improved
ability to quantify and monitor soil properties, especially soil surface chemistry, can provide key indicators of
desertification. Knowledge of the distribution of secondary clay and organic matter will contribute to
understanding plant and soil responses in arid regions and aso contribute to monitoring desertification. Mapping
of clay and organic matter will improve estimates of soil carbon, a key parameter for developing an understanding
of the impacts of altered rainfall distributions, deposition of pollutants, and increases in greenhouse gas
concentrations. Of particular concern for desertification from climate change is the formation and dissolution of
pedogenic inorganic carbon. Despite the fact that the global inorganic carbon pool is comparable in size to the pool
of atmospheric CO, and to soil organic carbon, there has been little research on the impact of changing hydrologic
processes on this poal of inorganic carbon.

2 RETRIEVING BIOPHYSICAL SPECTRAL INFORMATION
2.1 Biophysical Information from Living Plants

Desert species have developed convergences in the types of leaf structures they have evolved. Similarly, growth
forms converge, typically limited to grasses and drought-tolerant shrubs. Plant cover is the most obvious indicator
of precipitation and soil moisture status. Numerous studies have shown a strong linear relationship between plant
cover, biomass, and leaf areain response to water availability [6]. Typicaly, leaf traits include small thick leaves,
with thick cuticles and pubescence, sunken somates, and small mesophyll cells with thick cell walls and small air
spaces. The reflectance and transmittance of leaves is a function of both the concentration of light absorbing
compounds (chlorophyll, water, dry plant matter, etc.) and the surface/internal scattering of light that is not
efficiently absorbed (Figure 3). Leaf absorbance is reduced by pubescence, and |eaves appear more reflective after
the hairs have dried out [15],[16]. As the properties of xeromorphic plant leaves change, e.g., they become more



schlerophyllous (drought hardened) or desiccated, and reflectance and tranamittance changes in predictable
directions [17]. These wavel ength specific absorption and scattering produces potentially diagnostic optical patterns
of vegetation conditions in deserts. A number of analytical methods have been developed for directly estimating
biochemical composition and structural characteristics. An extensive review of the literature and available optical

models are available online at (http://www.multimania.com/opticleaf/).
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Figure 3. Reflectance (solid line) and transmittance (dashed line) of (left) fresh leaf and (right) dry leaf of a semiarid species,

Quercus pubescens.  Note that the leaf in Figure 3b was dried rapidly since strong chlorophyll absorption and red-edge features
remain in the 400-700 nm region.

Thereis strong interest today in developing techniques to detect and quantify individual pigments [18]. The
absorption of light by photosynthetic pigments dominates green leaf properties [19] in the visible (VIS) spectrum
(400 - 700 nm), with aminimum at 550 nm (Figure 4a-c). Leaf inversion models, eg., PROSPECT [20-22] predict
total pigment concentration (g cm2), by assuming that they are entirely composed of chlorophyll aand b (Figure
43). Characterization of in vitro absorption coefficients for other photosynthetic pigments, e.g., xanthophylls,
anthocyanins, caroteins and even chlorophyll b could further improve leaf radiative transfer models (Figure 4b). In
vitro absorption spectra for chlorophylls and several accessory photosynthetic pigments (e.g., carotenoids,
xantophylls) are available [23]. However, the pigment spectrum shifts with the solvent used to extract them, so the
in vivo configuration of plant pigmentsremains uncertain. Overlapping absorption wavel engths make identification
chadlenging.

Carotenoids are a family of red, orange, or yellow pigments, which effectively expand the wave ength range for
energy absorption by photosynthesis. In photosynthesis, the energy absorbed by carotenoids is transferred to a
chlorophyll a photoreceptor. Xanthophylls, a class of carotenoids, are involved in photoregulation of light by
dissipating excess absorbed energy and avoiding oxidative damage to the photocenter [24]. Under excess light
conditions, violaxanthin is converted to zeaxanthin in the xanthophyll cycle, which due to its absorption
characteritics, increases leaf reflectance. Gamon, Penuelas, and colleagues [25-33] have extensively investigated
the use of these spectral differences to develop a normalized ratio termed the Photosynthetic Reflectance Index
(PRI), that is sensitive to changing xanthophylls cycle pigments. They successfully used this method to estimate
photosynthetic efficiency. Stylinski et al. [34] showed that the PRI was well correlated to photosynthetic e ectron
transport capacity in Quercus pubescens exposed to long term elevated CO, enrichment. Subsequently Stylinski et
al. [35] showed that the PRI could track seasonal changes in carotenoid pigments and photosynthetic activity of
mature semiarid evergreen shrubs.

Anthocyanins are a class of water-soluble red pigments which are not involved in photosynthesis but occur
widdy in flowers, fruits and leaves. They have a single absorption peak around 529 nm. Anthocyanins may also
protect the photosynthetic system from excess light and/or to deter herbivory. Anthocyanins are common in leaves
and stems, athough their red to purple color may be masked by chlorophylls, carotenoids, or pubescence [36-37].
Under dress (e.g., high temperatures) or during early leaf development [38] they become more visible,
conseguently, measurement of leaf anthocyanins may be another indicator of physiological state [39],[33].
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Figure 4. Specific absorption coefficients for @ chlorophyll aand b and p-carotene b) chlorophyll a and xanthopyll pigments:
leutin, violaxanthin and zeathanthin, ) phycoerythrin and phycocyanin, d) water (after [40]) and €) five common biochemical
compounds found in leaves.

Phycobilins, specifically phycoerytherin (red) and phycocyanin (blue) are water-soluble photosynthetic
pigments that are only found in the cytoplasm of Cyanobacteria (formerly termed blue-green algae) and
chloroplasts of Rhodophyta (red agae). Because cyanobacteria are the nitrogen fixing component in lichens, these
are important constituents of biological soil crust. The absorption coefficients for these pigments are shown in
Figure 4c which suggests that it is possible to spectrally identify and digtinguish green and cynaophytic lichen
classes based on pigment composition differences, if not additional lichen and al gae types.

The near-infrared (NIR, 700 - 1100 nm) region has limited biochemical absorptions which are contributed by
compounds characterigtic of dry leaves, primarily celulose, lignin and other structural carbohydrates. Reflectance
in thisregion is affected by multiple scattering from interna leaf structure, including the fraction of air spaces, and
refraction at air-water interfaces. As intercellular air spaces and cell sizes decrease, overal leaf reflectance or
albedo declines. Eller and Willi [41]showed that pubescence acted mainly in the visible range, because in the
infrared, the increase in reflectance was offset by a decrease in transmittance.

Reflectance and trangmittance in the shortwave-infrared (SWIR, 1100 - 2500 nm) are dominated by water
absorption in green leaves (Figure 4d). The specific absorption coefficients for pure liquid water were first
observed by Curcio and Petty [42] and have been extensively studied (see [43]). The primary and secondary
absorptions by water in leaf reflectance occur at 1450, 1940, and 2500 nm with important secondary absorptions at
980 nm, and 1240 nm [19]. The water absorptions result from the following vibrational modes: v1 (H-O-H
symmetric stretch mode trangtion), v2 (H-O-H bending mode transition), and v3 (H-O—-H asymmetric stretch
mode transition). The absorption feature at 970 nm is attributed to a 2v1 + v3 combination, at 1200 nmto avl + v2
+ v3 combination, a 1450 nm to a v1 + v3 combination, and a 1900 nm to a v2 + v3 combination. The
fundamental water absorption is a 2800 nm.

The spectral signatures of biochemical absorptions in the SWIR region are complex. Even when substances are
composed of well-characterized repeating units such as starch, sugar, and cellulose, their molecular weights vary,
while others families of biochemical substances are not precisdy defined or have not been isolated with their
molecular structure intact (e.g., proteins, lignins). In dry leaves, reflectance and transmittance (Figure 4d,e) are
controlled by dry carbon-based compounds like cellulose, lignin, and sugars, and nitrogen-based molecules such as



proteins and enzymes. For example, nitrogen (N-H bonds) has a first harmonic overtone at 1510 nm and a series of
combination bands at 1980, 2060, and 2180 nm [44]. Because many plant and soil macromolecules contain
common chemical bonds (-H, C-N, C-O, and N-O bonds, and C=0, O=H, and N=H) they create overlapping
absorption features [45-46] that have resisted specific biochemical identification.

2.2 Biophysical I nformation from Dry Plants

Remote sensing studies often group dry plant materia as a class, termed non-photosynthetic vegetation (NPV),
which isall of the non-green plant parts, including dry leaves, bark, and wood. NPV are highly spectrally variable,
especially when considering a range of species [47-49]. In dry leaves, reflectance forms a more continuous
monotonic spectra shape from 400 to 1500 nm. |If some green foliage remains then a minor red-edge can be
observed. The red-edge is a narrow spectral region between 700-725 nm at the long-wavelength edge of the
chlorophyll absorption feature. It is absent in rocks, soils, and most dry plant materials. High spectral resolution
studies have concentrated on identifying dry plant materials which are indistinguishable in broadband data. Baret
et al. [50] showed that the position of the red-edge inflexion point was little influenced by the soil background or by
the atmosphere. Elvidge et a. [51] noted that the problem in detecting trace quantities (< 10% cover) of green
vegetation in arid and semiarid region could be solved by measuring the red-edge. Anecdotally, because the red-
edge is considered a biosignature of green vegetation, it has become a new avenue of research for astronomers
searching for life on extrasolar planets[52]!

Lignin and cdllulose are usualy present in plant residues in an intimate mixture, and have fundamenta
absorptionsin the SWIR infrared, which produce several combination and overtone bands between 2000 and 2500
nm (Figure 4€). Lignin has a strong absorption in the ultraviolet at 280 nm with an absorption wing across VIS and
NIR, observable after pigments have degraded in dry leaves. The combination of cellulose and lignin have two
diagnostic bands around 2090 and 2300 nm (Figure 4d) which are not observable in live green vegetation [47].
Since lignin is more resistant to decay than cellulose, as plant residues decompose they become enriched in lignin
and the ultraviolet absorption becomes more distinct. Thus, reflectance curves change significantly during
decomposition. Nagler et al. [53] developed a Cellulose Absorption Index (CAl) usng band depth at 2100 nm.
Most soils do not absorb at this wavelength while plant residues do. Additiondly, they found that CAl changed
with soil moisture and that CAl of wet litter was significantly brighter (higher reflectance) than CAI of wet sail,
and therefore, distinguishable.
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Figure 5 Typical spectra of fresh green leaf from bigberry manzanita, two stages of dry leaf weathering, and bare soil (bulano
sandstone) from Jasper Ridge Biological Preserve, Cdifornia, showing spectra differences that can be used to differentiate
them. Note that the Quercus pubescens leaf in Figure 3b was dried rapidly since a strong chlorophyll absorption remainsin the
400 - 700 nm region. The dry grass residue here lacks a red-edge feature.

As non-photosynthetic vegetation (NPV) decompose, significant mixing with soil occurs until eventualy,
cellulose decomposes and only lignin residues remain. Over time, absorption features from decomposition resistant
components come to dominant the spectrum. Thus in soil, lignin features become more developed over time.



Surface residues continue to be highly variable in reflectance until decomposition progresses to the point that it
becomes indistinguishable from soil [54].

One of the most complex remote sensing tasks in arid or semiarid environments is to identify NPV at various
levels of cover and decomposition. When working with image data the soil background is critical to detecting
variable amounts of NPV. Atlow NPV, the sail isthe main contributor to temporal and spatid variability. While
soil and NPV have a similar magnitude and spectral shape over the visible-NIR region (Figure 5), residues have
narrow-band absorptions at some wavel engths, making them sufficiently distinct that they can be discriminated
from soils. Wanjura and Bilbro [55] found that residue reflectance increased from 400 to 1300 nm, and decreased
sharply at longer wavel engths while soil reflectance continued to increase to 1750 nm and then decreased dowly at
longer wavelengths. Aase and Tanaka [56] found that residue reflectance was greater over wet soil than dry soil.
Various methods have been successful in direct estimates of crop residues [53],[55],[57-61]. Since dry residues
absorb more strongly in the SWIR than soils, multispectral residue indexes are based on the relationships at two
wavelengths. McNairn and Protz [62] developed the Normalized Difference Index (NDI) but it is less sensitive in
light colored and sandy soils, which reduces its value in arid and semiarid regions. Biard and Baret [58]
transformed the NDI into a Soil Adjusted Corn Residue Index (SACRI) which reduced the index sensitivity to sail
texture. They found a near linear relationship up to 20% crop residue cover, suggesting that this type of index
could be applied in arid areas where vegetation cover is sparse and plant litter and soil are significant components
of reflectance.
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Figure 6. Components of biological soil crust from a Mojave desert habitat at the Nevada Desert Test Site, USA. Sieved and
burnt (SOM exhausted) sail has higher reflectance than lichen, cyanobacteria, or mosses (P. Vaco, unpublished results). Red
arrows denote wavel engths where organic matter of biological curst are reported to show absorption features.

2.3 Biophysical I nfor mation from Biological Soil Crusts

Biological soil crusts (BSC) occur on every continent [63] and are a major biological component of arid
ecosystems.  Although they occur only the first few millimeters of the soil surface they have a key role in arid
ecosystem dynamics. BSC typically account for up to 70% of the live cover in arid deserts, therefore account for
much of the surface reflectance. BSC are physical and chemical associations between soil particles and
microphytic mixtures of lichen, moss, fungi, cyanobacteria, and free-living algae [64-65]. BSC markedly contribute
to the high spectrd variability in arid regions depending on their active or dormant states and their composition
(Figure 6). BSC provide critical ecological functions, including stabilizing soil, nitrogen fixation, water and
nutrient retention, carbon fixation, and a seed bed for germination [63];[66-67]. BSC are typically darker than
surrounding bare soil (Figure 6) thus loss increases surface albedo [68]. In contrast to BSC, abiotic physical soil
crusts and chemical weathering processes are light colored, have low permeability, and are generally much thinner,
often lessthan 1 mm. Bechtd et al. [69] and Buffoni-Hall et a. [70] showed that lichen have low transmittance,
making it difficult to estimate spectral properties of the underlying rocks or soils.
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Figure 7. Fase color AVIRIS image (left), and minimum noise fraction image (MNF) acquired 9 July 2003 at ~3m spatia
resolution over the Mojave Globa Change Facility experimenta plots, Nevada, USA (P. Vaco, unpublished results). Each of
the 96 plots is 14 m x 14 m. Treatments include added monthly summer irrigation equivalent to three extra monsoon storm
events, two levels of nitrogen enrichment smulating dry deposition (added in the fal before winter precipitation period, and
crust disturbance simulating effect of over-grazing, performed annually. Treatments began summer 2001.

BSC react rapidly even to low moisture inputs making their spectral responses highly variable in time. Building
on Ager and Milton [71], Zhang et a. [72] used normaized spectral mixture anaysis to accurately (r=0.90)
separate rocks from lichen in a sub-arctic environment, a technique that might be used in arid environments.
Karnidi et a. [73](1999) showed that the main spectra features were due to chlorophyll a 670 nm and organic
matter at 1720, 2180, and 2309 nm (see red arrows on Figure 6). Bechtel et d. [69] used ratios of 2132/2198 nm
and 2232/2198 nm to differentiate lichens from rocks. When wet, they observed NDVI as high as 0.3 comparable
to vascular plants in arid regions. Rees et al. [74] used principal component analysis, and found maximum
variahility for arctic lichens was between 700 and 1450 nm although our data (Figure 6) show greatest variability
between 1.3-2.5 um.

Some authors suggest that BSC may be early indicators of ecosystem change because of their rapid response to
environmental change [75-77]. BSC are senstive to physical disturbance and to climate variability, including
sensitivity to increased atmospheric CO, concentrations [68]. BSC have significantly greater lichen and moss
diversity in winter rain dominated deserts than summer rain deserts with equa precipitation. Therapid wet and dry
cycles that are typical of summer precipitation regimes generally increase net carbon losses and produce negligible
nitrogen fixation [76-77]. Lange et a. [78] reports that CO, fixation in the cyanadlichen, Collema tenax is
negatively impacted by extremes of both hydration and desiccation. It is likely that increased temperatures will
reduce lichen cover with secondary effects on decreased soil stability, decreased soil nitrogen, and decreased soil
carbon.

The unique assemblages of biota associated with BSC create detectable spectral characteristics (Figure 6) [73-
74], [79-83]. Figure 7 shows spectral changesin a Mojave desert scrub (Larrea tridentata, Ambrosia dumosa, and

Lycium spp.) ecosystem in southern Nevada, after four years of treatments a long-term manipulation experiment.
The Maojave Global Change Facility (MGCF) experiment is designed to test the cumulative and interactive effects
of increased summer precipitation, increased nitrogen deposition, and increased mechanical disturbance from
grazing began in 2001. (http://www.unlv.eduw/climate change research)

2.4 Soil structural crust

In contrast to BSC, soil structural or physical crugt is a thin layer (1 mm) formed by kinetic energy of drop impact
over bare soils during rainstorms.  The rainfall drops on the bare soil rearranges a thin surface layer by physical
disintegration of the soil particles and dispersion of soil clays which migrate with water in the first few mm of soil.
As a result of crust formation, infiltration decreases markedly and runoff and erosion is accentuated [84-85].
Studies show that effects are directly related to the rainfall energy so this is an important degradation process in



arid regions where severe storm events bring the most precipitation and soils have a low vegetation cover. In
contrast to BSC and desert varnish formation, crust formation is fast and highly dynamic, happening nearly
instantaneoudly after a storm.

Soil crusts alter reflectance because of increased albedo, due to smaller particle size distribution [86-88],
orientation of the particles [89], and enhancement of the 2200 nm absorption band by sorting montmorillonite and
illite clays onto the surface. Generaly there is no significant change in the carbonate 2330 nm band, because it
becomes concentrated in the silt or sand fractions. Since soil crust contains higher clay content than the bulk sail, it
can bias soil classifications [85]. Albedo and absorptions at 1833 and 2143 nm (no specific absorption feature)
have the best correlation with raindrop energy and infiltration rate, indicating that scattering processes govern these
effects [85];[90] with different soils (clay vs. sandy) producing different spectral behaviors[91]. Goldshleger et al.
[91] tracked crust formation using reflectance at 1700 nm as an indicator of albedo and the first derivative of
absorption a 2200 nm, which represented absorption of clay minerals. They found that a clay-particle relationship
was a better indicator than particle size alone.
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Figure 8. a) Desert pavement in Mojave Global Change Facility site, near Mercury, Nevada, USA. b) Spectrum of coating on
desert pavement composed of rhyolite and quartz cobbles (desert varnish.gds78A) http://speclab.cr.usgs.gov.

2.5 Desert Pavement and Varnish

Although little sudied for their spectral characteristics, desert pavements are important for controlling erosion and
ecosystem stability and represent an early stage of biologic weathering in arid landscapes. Desert pavements
(Figure 8) are ancient mosaics of rock fragments embedded in sediments [92] that occur on a wide range of
undisturbed arid and semiarid landforms. The presence of desert pavement indicates that an area has been
undisturbed for an extended geologic time (10,000s of years) [93]. Generdly, as pavement ages the rock surfaces
become smoother with few protruding fragments. Exposed surfaces are coated with thicker varnishes, which are
black or brown coatings formed by bacteria interacting with clay minerals (~70%) and iron or manganese oxides
[93-95]. Spectrally, desert pavement and varnish lower surface albedo relative to younger soil and rock surfaces.
Loss of the pavement increases albedo by exposing native fine materias, gravel and cobbles. Disturbance may be
turn over pavement and expose less weathered (oxidized) rocks of different colors, or which have a different
mineralogy (less clay and manganese for example). Varnish can be mechanically removed by wind and scraping or
water erosion, exposing the less weathered gravel surfaces.

2.6 Biophysical I nfor mation from Soils

The weathering process that soils undergo in arid and semiarid regions are related primarily to high temperatures
and low and/or irregular availability of water. Thus, salt dissolution combined with high evaporation can
precipitate akaine salts to form hardpans and cdiche layers at the wetting front. Important soil surface processes
are due to the combination of irregular precipitation events, shallow soil development, and scarce vegetative cover
which create low infiltration capacity and high runoff. Sparse vegetation produce little organic matter with high
spatial heterogeneity. Biological and structural soil crusts have very different properties in terms of soil health and



spectral properties. The combination of all these processes produces highly heterogeneous soils, which requires
synoptic coverage over largeregionswith sufficient spatial and spectral resolution to quantify soil patterns.

Soil has less spectral structure than decomposing dry plant materia (Figure 9). Since it is composed of well
mixed minerals and organic matter, absorption features result from overlapping bands with no strong narrow-band
absorption features such as those found in pure minerals. Consequently, soil spectra vary slowly with time [54].
The VIS and NIR reflectance is driven by a wide absorption wing that extends from the ultraviolet, due to
dectronic trangtions of metals, mainly iron. In contrast, the general shape and specific absorption bands of the
SWIR are mainly driven by water and minerals that contain water and hydroxyl ions.

Many soils only differ in brightness in red and NIR, which form a linear relationship that is represented in
spectral space as a soil brightness vector [96]. The position of a given soil on the soil line depends on factors that
affect the albedo such as shadows, moisture content, and roughness [97-98]. The daope of the line depends on the
relative position between the R and NIR bands and therefore depends on the intrinsic soil properties such asiron or
organic matter content. Also it can be affected by atmosphere and sensor properties such that it becomes soil and
scene-dependent.

The width of the soil line expresses variable soil properties in these wavelengths (e.g., moisture or organic
matter). To identify the source of the variability and quantify this information requires measuring additional bands.
The soil line has been used to estimate vegetation cover by measuring the reflectance of a surface that is
perpendicular to asoil line defined by bare soil pixels. The problem in using thisindex in arid environmentsis that
the high soil heterogeneity makes it difficult to define a unique soil line. To overcome thislimitation Fox et al [99].
proposed an automated soil line identification routine. The sail line only represents a two dimensional spectral
space so it only shows the general shape of the spectrum in the VISNIR space. Most soil biological and
physicochemical properties have information contained in a large number of other wavelengths that make it
necessary to use more complex methodol ogies to study soil properties.
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Figure 9. a) Contrasting spectral shapes between biologically active lichen and dry plant resdues. b) Respiration resistant
humic acid soil component and two contrasting soils derived from cal careous and vol canic parent material.

The most widely used semi-analytical technique to determine mineral absorption strength is the continuum
removal [100-101]. The continuum removal calculates the normalized band depths by interpolating reflectance
between two local reflectance maxima (the shoulders of the absorption feature) then calculates the band depth, area,
and asymmetry within the wavelength interval. The mineral type is determined by the wavelength positions at the
minima and the feature asymmetry [101]. However other studies [102] have demonstrated that spectral shape
resulted from all interactions affecting absorption and scattering. For example, Whiting et al. [103]found water
broadened and shifted the wavelength positions of specific absorption features to longer wavelengths. These
changes make correlating a particular wavelength with a particular mineral chemistry and absorption depth
inconsistent.
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Figure 10. a) Upper, soil spectrum with continuum removed, normalizing absorption features. Lower, soil reflectance spectrum
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nm. The shoulders of the absorption features used for continuum removal are shown as crosses [104]. The Gaussian curve is fit
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The most complex analytical task is to distinguish bare soils and dry residues at various levels of cover and
decomposition (Figures 5-9). The soil background is the main contributor to variable surface reflectance in areas
with variable and/or low amounts of residue. Wanjuraand Bilbro [55] found that residue reflectance increased with
wavel ength to 1300 nm, then it decreased sharply, while soil reflectance continued to increase to 1750 nm, and then
decreased dowly at longer wavelengths (Figures 5, 9). Aase and Tanaka [56] observed that variable soil moisture
looked similar to different amounts of straw on dark soil as the effect of moisture was to lower dbedo across the
SWIR.

Moisture is the main source of tempora variability in soil reflectance. Soil reflectance is greatly affected by
dight differences in water content [105], reducing the spectral contrast needed for identifying minerals and organic
matter absorption depths [106]. The change in band depth is non-linear with water content [107], which requires
knowing the light absorption characteristics of the soil for al pixels in an image. Severa researchers have
successfully modeled soil moisture using 1450 and 1900 nm bands [107-109]. Unfortunately, these absorption
bands also absorb water vapor in the atmosphere, confounding soil quantification in image data.  Whiting et al.
[104] extrapolated the general shape of the SWIR spectrum to the fundamental water absorption at 2800 nm by
fitting the convex hull to a Gaussian function and reported that the area under the Gaussian curve is correlated with
soil moisture content (r?=0.90). The Soil Moisture Gaussian Model (SMGM) was highly correlated to the soil
water content, up to the water holding capacity of the soil without dependence on specific water absorption bands.

Organic matter is closaly related to soil quality and degradation processes in natural vegetation and agricultural
lands. It is not only an indicator of soil degradation, but also regulating other biogeochemical processes. Aranda
and Oyonarte [110] found lowest quality soil organic matter under degraded shrubs suggesting that degraded
vegetation may lead to soil degradation. Both low content of OM and poor quality are characteristic of arid and
semiarid environments. Organic matter has been studied by Henderson et a. [111] and Coleman and Montgomery
[112] with the main effect observed in the VIS-NIR, causing high albedo and a convex hull shape for soils with low
organic matter content [113]. Figure 11a shows three soils with high, low and intermediate amounts of organic
matter. Dematté et a. [114] observed a decrease in reflectance between 600 and 2500 nm when organic matter
content increased after applying an organic fertilizer. Chen et a. [115] mapped organic matter a the field scale
using aeria photography, obtaining high accuracy in bare soil. However this task becomes more complicated in
natural areas with variable vegetation, high soil variability, and low organic matter in arid areas.

Soil salinity is one of the main consequences of soil degradation. Sdinization not only affects the growth of
vegetation, but destruction of soil structure due to clay dispersion and subsequent decrease in infiltration and
aeration. Reflectance of saline soils results from the spectral properties of salt and surface roughness, presence of
crust, soil color and moisture, which have a combined effect on albedo [116]. A good review of spectra
characterigtics of soil salinity is found in Metternicht and Zinck [116]. Most soil sdts (i.e, halite, cacium
carbonate, sodium sulfate and gypsum) are highly reflective in the VIS-NIR and show distinct absorption features
in the SWIR. Hydrated salts like gypsum have a significant decrease in reflectance toward longer wavel engths and
sharp absorptions at the water bands, while saltslike halite are highly reflective in thisregion of the spectrum. Asa
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result most saline areas have high albedo except highly alkaline soils which are dark black due to distillation of
organic matter. Roughness and moisture are the two factors affecting albedo. For example the presence of saline
crust decreases roughness and increases abedo, while moisture dissolves salt crusts so albedo decreases. Since
these properties are highly dynamic their variability makes assessment difficult. While high sat concentrations are
easily identifiable, low levels present more difficulty for detection because spectral features are weak and the
presence of salt-tolerant vegetation dominates the soil signal. Hypersaline soilshave little or no vegetation on them
but may have BSC if moisture is available.

Roughness is the primary factor affecting soil reflectance and it is aso highly variable in arid soils. Surface
roughness is influenced by the size and distribution of soil aggregates and by the density and distribution of any
vegetation cover. The effect of roughness on albedo is on the distribution of shadows [117], which affect the
spectral contrast and reduce discrimination of spectral features. However, several studies have demonstrated that
bi-directiona reflectance distribution is distinct on desert surfaces [118]. Thus, Shosany et a. [119] demonstrated
that most soils in the Australian desert were anisotropic with a dominant backscattering component.  Cierniewski
and Karnidli [120] smulated reflectance on four virtual surfaces (desert pavement, BSC, sands and playa) under
different illumination conditions and showed that forward scattering and backscattering properties significantly
affected spectral contrasts between surfaces. For example, contrast between sand and playa was greatest in the
backscattering directions for a specific view and zenith angles, while for crust and desert pavement, the contrast
was best in the forward scattering direction.
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Figure 11a. Three soils showing effect of organic matter on soil reflectance. 11b. Soil spectral from an eroded cdcareous
terrace and an alluvia floodplain.

Erosion is important in arid regions. Common indicators of erosion are a decrease of organic matter,
appearance of lower soil horizons at the surface, and presence of rocks. Eroded soil surfaces can have high levels
of iron oxides or carbonates from the B or even C horizon. Whiting et al. [103] mapped carbonates in the
Tomelloso area of Spain where the underlying carbonate layer (caliche) was exposed on the surface. Figure 11b
shows the spectral soil signature from the surface soil samples of an eroded terrace and from a floodplain. The
eroded soil has high albedo and a strong carbonate absorption feature, while the floodplain soil has stronger clay
absorption. De Jong [86] used imaging spectroscopy to map erosion based on iron and carbonates and Pd acios-
Orueta et d. [121] used Foreground and Background analysis on AVIRIS datato map organic matter and iron. Ina
spatial context, eroded soils can occupy broad extensions or form linear features like gullies or rills which are
difficult to identify without high spatial resolution. Metternich and Fermont [122] mapped regiond patterns of soil
surface erosion using spectral mixture analysis on Landsat data.

As with spectral features of plants, any overlapping biogeochemical absorption will contribute to the total
absorption causing interpretation errors [123]. Whiting et a. [124] found that classica continuum removal
underestimated the band depth of carbonate and clay absorptions if the effect of adjacent mineral absorptions and
water on soil reflectance was not quantified. Given the hydrophilic nature of clays, their model provided a robust
methodology that could be used to obtain quantitative estimates of soil mineradls. The overlapping adjacent
absorption features affect reflectance along the shoulders between the absorptions [123], [125-126], lowering
reflectance reducing the apparent depth of the absorption. This error in band depth significantly reduces the
correlation between measured and predicted mineral content as moisture and other minerals increase.  The short
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wavel ength side of the clay absorption band at 2200 nm is affected by broadening of the water overtone at 1900 nm
and an absorption at 2100 nm by dry plant material [103]. Quantifying soil moisture and adjacent allows a correct
interpretation of clay and carbonate band depths. Including this model in materials that have overlapping
absorption features should improve their quantification.

3 MAPPING PLANT AND SOIL PROPERTIESUSING BIOPHY SIOLOGICAL INDEXES

A wide range of spectral indexes have been devel oped that take advantage of specific absorption features of plants
and soils relative to spectral bands where the materials do not absorb [127]. These methods are quasi-quantitative
in that specific chemicals absorb energy at specific wavel engths, thus we know a priori where these features occur.
However, the absorption depth isnot linear with concentration and the presence of other materias with overlapping
absorption features will confound quantification. Some plant and soil chemicals of interest are actually a family of
related molecules (e.g., organic matter) rather than a specific molecule (e.g., H,O) which results in inconsistent
identification of the wavelength location of absorption features, thus limiting index methods.

Vegetation indexes are sendtive to vegetation cover and provide an estimate of the “greenness’ of an area.
Newer indexes identify specific pigments, water content, cellulose, lignin, and nitrogen. Tables 1 and 3 list 36
widdy used indexes of four basic types. pigment, foliar water, foliar chemistry, (Table 1) and soil indexes (Table
3). Not al of these indexes are independent. Obvioudy the multiple indexes estimating chlorophyll content will be
correlated. Additionally, correlations between physiological characterigtics lead to further correlations between
indexes. For example, the water indexes and nitrogen index are highly correlated to NDVI. This is because
nitrogen increases with water as does photosynthetic machinery, resulting in higher NDVI. Conditions where
indexes become uncorrelated or partially uncorrelated may provide evidence for stress conditions.

3.1 Vegetation indexes

Vegetation indexes (V1) take advantage of the strong contrast between red and NIR reflectance produced by green
foliage (related to vigor and amount of vegetation). In desert environments, VIs must be able to discriminate
vegetation at low cover, from zero up to about 50%, and to extract information about vegetation properties, while
minimizing soil, atmosphere, and sun and view angle effects. In arid environments soil is the most significant
contribution to scene variance therefore, a correction for soil background effects is necessary.

3.2 Pigment indexes

Pigment indexes focus on photosynthetic pigments, primarily chlorophyll, the dominant photosynthetic pigment of
green vegetation. However, some like the PRI identify xanthophylls cycle pigments, which are important in
regulating light absorption in high light intensity environments. Leaves possess a range of accessory
photosynthetic pigments, including carotenoids and xanthophylls that serve functions to regulate and increase
photosynthetic performance.

3.3 Foliar water indexes

Water absorbs strongly throughout the SWIR wavelengths [19]. Most narrow-band indexes use the 970 or 1240 nm
water absorption features, although broad band indexes have been used (e.g., Landsat bands 4, 5and 7).

3.4 Foliar chemistry indexes

Severa leaf chemistry indexes have been proposed. The normalized difference nitrogen index (NDNI) was
successfully used by Serrano et d. [128] on AVIRIS data to estimate nitrogen concentration in a semiarid
shrubland. Nonetheless, other studies have found it difficult to extract this data from two band indexes. Pinzon et
a. [129](1998) used singular value decomposition to accurately estimate leaf nitrogen from leaf samples in
laboratory data. Later, Smith et d. [130] (2002) used partial least squares to relate field measured |eaf nitrogen to
canopy nitrogen in AVIRIS hyperspectral data. The cellulose absorbance index (CAl; [53]), estimates the cellulose
content of senescent plant matter, emphasizing the distinctions between soil and plant litter. This index may be
useful in arid and semi-arid regions where green vegetation is seasonally sparse and much of the biomass is in
undecomposed plant litter and stems.
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3.5 Soil indexes

To observe desert conditions and desertification it is critical to map soils with none or low amounts of vegetation.
The sail line, related to soil brightness in red and NIR bands, has aready been introduced. Although soil spectra
lack strong absorption bands, several soil indexes (Table 3) related to soil color have been developed [131-132).
The latter found high correlaion between the Helmholtz definition of color and Thematic Mapper indexes in an
arid environment. Redness indexes are important for characterizing soil weathering and oxidation. Color is
important for assessing soil qudity and is closaly related to surface processes and types of chemical weathering.
Soil color is defined by parent material, weathering, and topography which are related to soil biophysical
properties, therefore, color might be used as an indicator of erosion or deposition or as an indicator of surface
organic matter. If soil variability is high, asin many desert environments, there will not be a unique sail line and
the width of the soil line becomes critical for defining soil properties.

4 LEAF REFLECTANCE AND TRANSMITTANCE MODELS

Over the past decade, sophisticated radiative transfer models have been devel oped to account for leaf properties and
changes in reflectance/tranamittance due to changing leaf biochemistry and structure. The simplest models consider
the leaf as a single scattering and absorbing plane-parald layer while the most complicated models consider the
full three-dimensional structure and biochemistry of the cells and tissues that form the leaf. At a minimum,
physically realigic models require information about the refractive index and the specific absorption coefficients of
leaf constituents (Figure 4). Computer-based leaf models can be categorized into different classes, arranged in order
of increasing complexity (Figure 12).

4.1 Plate models

Figure 12a: Allen et al. [133] were the first to represent a compact leaf as an absorbing plate with rough surfaces
producing diffusion. This approach was extended to non-compact leaves by regarding them as layers of plates
separated by N-1 air spaces [134]. The parameter N provides an internal structure for scattering. The widely used
PROSPECT model (Leaf Optica Properties Spectra) [20] was designed to accurately simulate the hemispherical
reflectance and tranamittance of various types of plant leaves (fresh monocot and dicot leaves, senescent and dry
leaves) over the solar spectrum from 400 to 2500 nm. The origind model was improved significantly by
optimization of input parameters [21-22]; [135-137]. Its four input parameters today are the leaf structure
parameter, chlorophyll a+b concentration, equivalent water thickness, and dry matter content. Recent studies [138-
139] have quantified the contribution of these parameters to the PROSPECT mode outputs, as well as their
interactions (Figure 13), demonstrating that most foliar absorptions are accounted for in the current model, with the
gray line the sum of these contributions. Clearly there is potential to improve the model in both the VIS and SWIR
regions.
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Tablel. Vegetation Indexes Devel oped as Biophysical Indicators.

I ndex® Formula Details Source”
Pigment
Index of green vegetation cover. Wavelengths, depending on
R RN'R / RR sensor, e.g., NIR=845nm, R=665nm. 1
_ Index of green vegetation cover. Wavelengths, depending on
+
NDVI (RN'R RR) /( RN'R RR) sensor., e.d., NIR=845nm, R=665nm. 1
mNDVI (R750 B R705)/(R750 + R705) Leaf chlorophyll content 2
599
SGR Z R, Index of green vegetation cover. 2
n=500
PRI (&31 - &70)/ (&31 + &70) Xanthophyl light response ~ photosynthetic efficiency. 3
Sensitive to carotenoid/chlorophyll ratio
RGR (Rsoo—sgg )/ (&00_599 ) Anthocyanins/chlorophyll 2
NPCI (RBBO B R430)/(R580 + R430) Total pigments/chlorophyll 4
SRPI R430 / Rsso Carotenoid/chlorophyll a content 5
NPQI (R415 B R435)/(R415 + R435) Chlorophyll degradation, detects early stress 5
SIPI (RBOO B R445)/(R800 B RSBO) Carotenoid/chlorophyll a concentrations 5
PI1 Reos / Rixo Plant stress status 5
PI2 Reos / Rigo Plant stress status 5
PI3 Ruo / Reoo Vegetation hedth index, chlorophyll fluorescence ratios 6
P14 R440 / R74o Vegetation hedth, chlorophyll fluorescence ratios 6
Water
NDWI (Raeo ~ R )/ (Raeo + R Leaf water content 7
WBI Rowo / Rero Leaf water content 8
Foliar
chemistry
e |15
NDNI {log( Y, Risio Hlog %?moRmo Foliar nitrogen concentration 9
e
NDLI {log( Y, Rizss Hlog }/R1630R1754 Foliar lignin concentration 9
_ Cellulose & lignin absorption features, discriminates plant litter
CAl 0.5(Ryz0 + Rozz0) = Reago from soils 10

%sR: Simple Ratio; NDVI: Normalized Difference Vegetation Index; mNDVI: Modified NDVI; SGR: Summed green
reflectance; PRI : Photochemical Reflectance Index; RGR: Red/Green ratio; NPCl: Normalized Pigments; CRI: Chlorophyll
Ratio Index; SRPI: Simple Ratio Pigment Index; NPQI: Normalized Phaeophytinization Index; SIPI: Structure Intensive
Pigment Index; PI: Pigment Index; NDWI: Normalized Difference Water Index; WBI: Water Band Index; NDNI: Normalized

Difference Nitrogen Index; NDLI: Normalized Difference Lignin Index; CAl: Cellulose Absorption Index. b1,[140]; 2, [141];
3,[25]; 4,[29]; 5,[142]; 6, [143]; 7,[144]; 8, [32]; 9, [128]; 10, [53]
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PROSPECT provides good estimates of leaf water content (equivalent water thickness) in fresh leaves,
illugtrated in Table 2 using data from the LOPEX experiment [21]. Likewise estimate of dry matter from dry leaves
iswell predicted although the prediction of dry matter content in fresh leaves is poorly predicted. For the Quercus
pubescens example shown in Figure 3, Table 2 provides a comparison between measured and predicted chemistry.
Chuvieco et a. [145] have empirically solved this problem for wildfire risk in Mediterranean ecosystems by using
multi-temporal data and combining the dry bi omass estimate from the driest annual period with water content from
red-time estimates. Because total ecosystem biomass changes slowly over time, this method provides better

estimates than direct modd inversions.
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4.2 N-flux models

Figure 12b: Derived from the Kubelka-Munk theory these models consider the leaf as a dlab of diffusing and
absorbing materias. Different parameters are allowed in each layer and the model estimates leaf reflectance and
transmittance. Leaf biochemistry was introduced by Conel et al. [146] who used a two-flux model to evaluate the
influence of water, protein, cellulose, lignin, and starch on | eaf reflectance, however their model was not validated.

Figure 12. Mgjor classes of models smulating leaf optica properties.

4.3 Compact spherical particle models

Figure 12c. Dawson et a. [147] adapted Melamed's theory of light interaction with suspended powders and
designed the LIBERTY mode (Leaf Incorporating Biochemistry Exhibiting Reflectance and Tranamittance Yields)
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specifically to calculate the optica properties of both dried and fresh stacked conifer (particularly pine) needles.
By treating the leaf as an aggregation of cells, with multiple scattering, output reflectance and tranamittance are a
function of three structural parameters (cell diameter, intercellular air space, and leaf thickness) and the combined
absorption coefficients for chlorophyll, water, lignin and cellulose, and nitrogen.
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Figure 13. Contribution to leaf transmittance simulated by PROSPECT for chlorophyll concentration Cab (green), water
content Cw (blue), dry matter content Cm (brown) and the structure parameter N (red) (Pavan, unpublished).

4.4 Radiative transfer equation

Figure 12d: Few leaf models directly use the radiative transfer equation because essential information about
internal leaf structure and biochemical digtributions is lacking, leading to major simplifications. Ma et d. [148]
described the leaf as a dab of water with an irregular surface containing randomly distributed spherical particles.
Ganapol et a. [149] developed LEAFMOD (Leaf Experimental Absorptivity Feasibility MODél), which modds
the leaf as a homogeneous mixture of biochemicals which scatter and absorb light. The homogeneity simplification
ignores the obvious cellular organization of leaf chemistry. Nonetheless, Johnson[150] used this modd to predict
leaf nitrogen from severa laboratory datasets.

4.5 Stochastic modédls

Figure 12e: Tucker and Garatt [151] proposed a stochastic mode in which radiation transfer is simulated by a
Markov chain. The leaf is partitioned into palisade parenchyma and spongy mesophyll tissues with four radiation
states (solar, reflected, absorbed, and transmitted) with defined the transition probabilities. The SLOP (Stochastic
model for Leaf Optical Properties) model [152] is a recent improvement in which the leaf is partitioned into four
tissues.

0.059 0.019
& Training - B Training 110 1 ® Training
0049 F |[—11line - —— 11 line —1:1line ° -
¢ Prediction . 0014 + | W Prediction ny 90 1 ®  Prediction [ Py
® e
£ 00391 L] Q2 P
= z = = " Z 704 ®
v . = L - s " b
°
3 R 8 I S
= 0029 1 T 0009 ] 2 °
@ a £
W oo019 T ’: 8 30
. 0004 T °
C IR SR
0.009 T . n 10+ @
*
*
Se
-0.001 -0.001 -1.0
-0.001 0009 0019 0029 0039 0.049 0.059 -0.001 0.004 0.009 0.014 0.019 -1.0 10 3.0 5.0 7.0 9.0 110
Measured EWT Measured DM Measured % FMC

Figure 14. a) Prediction of |eaf water content from fresh leaves b) leaf dry matter from dry leaves, and ¢) leaf dry matter from
fresh leaves using a generic algorithm-partial least square regression, GA-PLS (red dots) on LOPEX leaf data for calibration and
validation (blue dots). Leaf reflectance and transmission data and biochemistry from the LOPEX dataset [153]. The mean
reflectance of the samples at each spectral band is subtracted before running GA-PLS.
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Table 2. Leaf chemistry measured in the LOPEX dataset [21] and chemistry predictions from the PROSPECT model for an
average of five Quercus pubescens |eaf measurements.

Leaf Properties LOPEX Chemistry Fresh Leaf Dry Leaf
Predictions Prediction

N 1.38 2.97

Cab (ug/cm2) 427 42.2 28.1

Brown pigments | -- 30.2 105.7

(Mg/cm2)

Cw (g/cm2) 0.00825 0.00750 0.00063

Cm (g/cm2) 0.00604 0.00604 0.00604

4.6 Ray tracing models

(Figure 12f): Only ray tracing techniques account for the full three dimensional complexity of interna leaf
structure as it appears in a photomicrograph. This technique requires a detailed description of individua cells and
their unique arrangement inside tissues and the optical properties of leaf materials (cell walls, cytoplasm, pigments,
air cavities, etc.) must be defined. Using the laws of reflection, refraction, and absorption, the propagation of
individual photons incident on the leaf surface can be simulated. Once a sufficient number of rays have been
simulated, statistically valid estimates of the radiation transfer in aleaf can be predicted.

Govaerts et a. [154] used a three-dimensional ray tracing model, RAYTRAN [155], and developed a virtual
three-dimensional leaf, to characterize the light environment, including absorption, scattering and transmission,
within and between cells. Cells of variable size, cell wall thicknesses, chemistry, and air spaces were modeled to
simulate redligtic leaf tissues and the implications for absorption profiles, light harvesting, and photosynthesis was
successfully investigated [156]. The modd simulated the leaf anatomy of a typical mesic dorsiventral dicot leaf. In
general, we lack sufficient information about |eaf anatomy and biochemistry to apply this model to a wider range of
morphological types, e.g., xeromorphic leaves. However, if anatomical and morphological data were available, it
would be possible to simulate a range of environmental conditions and improve our understanding of biophysical
measurementsin arid ecosystems.

4.7 Next Generation of L eaf M odels

Despite decades of research, much more work is required before we will accurately model leaf optical properties.
Progress on the next generation of optical models requires improvements in understanding detailed cell and leaf
anatomy for leaves having adaptations to different environmental conditions. Perhaps new approaches to modeling
may lead to fundamental improvements, eg., the ABM (Algorithmic BDF Moded) or FSM (Foliar Scattering
Model) which was used to study the interaction of light with plant leaves for image synthesis applications [157].
Further, more understanding of the relationships between structure and function at the leaf level are clearly needed
to drive model improvements. Lastly, better optica characterization of more biochemical compounds is needed to
expand the range of biochemistry that can be detected. It is not demonstrated that specific leaf photosynthetic
pigments (chlorophyll a and b, carotencids and xanthophylls) can be identified and quantified and yet this
information would significantly improve understanding of the biological controls on photosynthesis. One reason
for needing more information is that a direct interpretation of chlorophyll only estimates potential carbon fixation
and does not measure actual state of photosynthetic activation.

A small but measurable fraction of the radiation reflected and transmitted by leaves is actually fluorescence
emission [158-159] by polyphenolsin the blue and chlorophyll ain thered and NIR as shown in Figure 15. Passive
sensing of chlorophyll fluorescence in the oxygen bands emerges as a promising approach for monitoring
vegetation health. However, the interpretation of this signa depends both on the leaf environment (incoming light
quality and intensity, temperature, etc.) and on intrinsic parameters (physiological state, species, biochemica
composition, etc.). In the FluorMOD project (Development of a Vegetation Fluorescence Canopy Moddl), a leaf
fluorescence modd has been developed that predicts reflectance and transmittance of a fresh leaf including
chlorophyll fluorescence [160-161]. Beside the classical input variables for PROSPECT, fluorescence quantum
yield, PSII/PSI ratio, temperature, species, and incident PAR are required. Figure 15 shows the first results of the
FLUORMODLEAF for atypical dicot leaf. Although the model is still a an early stage of validation, these results are
encouraging.
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Figure 15. Simulation of the adaxial and abaxid chlorophyll fluorescence (on the left) and of the reflectance and transmittance
with and without fluorescence (on the right) using FLUORMODLEAF. Structure parameter: N = 1.5, chlorophyll a+b content: Cy, =
33 pg cm 2, equivalent water thickness: C,, = 0.025 cm, dry matter content: C,, = 0.01 g cm™, fluorescence guantum yield: ® =
0.04, temperature: T = 20°C, species: green bean, PSII/SPI ratio: Sto = 2.0.

Many studies have demonstrated a direct reationship between photosynthetic rates, light absorbance,
chlorophyll content, leaf nitrogen, and dry matter production are all related to leaf area (e.g., [26]; [162-163]. There
appears to be a linear dependence of maximum photosynthetic capacity on leaf nitrogen [164] which is partialy
species specific. Leaf nitrogen exhibits a linear rdationship with specific leaf mass, the reciprocal of specific leaf
area (1/specific leaf areq) [165], and a property inversely related to dry biomass estimated by PROSPECT.

As described earlier, hairy and/or waxy leaves are typical of plants in arid regions. Specific surface optical
properties of these leaves are poorly known. For instance, a thick cuticle, which may protect leaves from
desiccation or insects acts as amirror, preferentialy reflecting light in the specular direction. In contrast, hairs tend
to scatter light in all directions. This duality between specular and Lambertian surfaces is characteristic of the leaf
bidirectionnal reflectance distribution function (BRDF). Leaf BRDF was recently acquired for several species using
a goniophotometer at 400 wavel engths and 98 viewing angles [166]. These measurements (Figure 16) have been
successfully estimated with a specular reflection model (Cook-Torance) coupled with PROSPECT to simulate the
diffuse fraction.

Figure 16: Measured (top) and modeled (bottom) BRDF for 6= 41° at wavelengths of minimum reflection (after Bousquet et
al., 2005).
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4.8 Extending biophysical measur ements to canopy models

Heterogeneous and open plant canopies, characteristic of desert environments, preclude the use of simple 1-D
radiative transfer models that rely on an assumption of homogenous turbid media [167]. On such surfaces, the
interactions between light and the various objects (for instance, shrubs, grasses, BSC, bare soil), which are
distributed in clumped patches rather than uniformly distributed, generate a higher level of complexity that requires
3-D models [168]. Esteve et d.[169] used the DART (Discrete Anisotropic Radiative Transfer) model [170], to
simulate radiative transfer in heterogeneous arid 3-D landscape comprised of trees, shrubs, grass, soil, etc. They
inverted DART on atemporal series of Landsat MSS acquired in Burkina Faso, and determined the woody cover
allowing them to follow its degradation over time. Zarco-Tejada et d. [171] followed changing leaf water content
over the summer drought in semiarid southern California using a MODIS time series analyzed with a linked
PROSPECT and SAILH canopy model. Some information about surface heterogeneity, which may change fast
when land degradation occurs, can also be inferred using multi-angular reflectance data. Widlowski et a. [172]
generated various 3-D vegetation canopy representations, from homogeneous to heterogeneous, at the nominal
ground resolution of the MISR ingtrument and simulated their reflectance using RAY TRAN. They showed that the
reflectance anisotropy could be obtained by inversion of a ssimple parametric model.

5 SOIL REFLECTANCE MODELS

Most soil mapping has been related to the fraction of exposed soil or more precisdly, the fraction of green
vegetation cover, assuming that non-vegetated surfaces are soil. To date the identification of soil biogeochemical
components from reflectance measurements have been largdly limited to regression models that are valid only for
specific locations. Greater use of multivariate statistical models, e.g., neural nets or support vector machines, will
provide techniques that increase accuracy of soil quantities and portability across larger regions. Wider use of
classification and regression tree (CART) modes, partid least-squares, and general additive model (GAM)
methods may also improve local regression model s by including more spatial datain the analysis, and provide the
templates for applying methods in other soil regions. These regression models may also benefit from the inclusion
of hierarchical partitioning the surface reflectance components as a means of stratifying the image region to
improve the local spectral model, just as much as landscape partitioning improves the accuracy.

The greater task, although highly promising for producing more robust models, is in developing radiative
transfer models that can identify the presence and abundance of soil componentsin the context of intimate mixtures
and surface geometry. Knowledge gained in recent years in extending radiative transfer modeling to a wider range
of vegetation and soil backgrounds will restart soil modeling efforts begun in 1990's. The identification of
absorption coefficients for soil minerals, organic matter, and water are needed to devel op radiative transfer models
that will measure mineral abundance through spectral curve fitting.

6 CONCLUSION

The geographic extent and remote locations of arid ecosystems and the harsh climate characterigtic of arid
ecosystems create challenges to effectively monitoring desertification. Furthermore monitoring must be done over
long periods to fully observe the stochastic behavior of desertsin aglobally changing context. The potential to use
remote sensing for cost-effective monitoring has long been recognized, athough the extensive heterogeneity of
geologic parent material and soils combined with low vegetative cover, rapid biologic responses to wet and dry
rainfall pulses, has limited our ability to fully monitor the condition of these ecosystems. Furthermore, infrequent
precipitation leads to extended dormancy with short unpredictable periods of biological activity. We reviewed the
spectral characteristics of plants and soils that are detectable using optical sensors and current methods to identify
and quantify properties that have potential for monitoring arid ecosystem processes. The wealth of existing
information on the reflectance and transmittance of desert plants, soils, and other materials, combined with new
modeling and index approaches will lead to improved capability for monitoring global desert environments.

A wide range of plant biochemicals are detectable or potentially detectable in hyperspectral data, e.g.,
chlorophyll, photosynthetic accessory pigments, water, and soil constituents e.g., clays, carbonate, iron, and organic
matter. Biophysical methods may improve detection and monitoring of inter-plant spaces composed of bare soil
crust, biological soil crugt, or dead plant material. The expanded use of absorption features in the VIS and SWIR
has produced alarge number of spectral index-based methods to identify specific compounds or properties. Aswe
move toward more quantitative predictive models, it is clear that the overlapping structure of many absorption
features of plants and soils precludes direct assessment of their concentration. New biophysical methods that take
the full spectra shape into account, including the effect of one compound on the spectral absorption of ancther, are
needed to reduce uncertainty in their estimates. Over the past decade several radiative transfer models have been
developed based on physical absorption and scattering processes using principles of spectroscopy and information
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over the entire spectrum. Other modd s take advantage of new types of data like passive fluorescence or therma-
infrared emissions or bidirectional reflectance.

Table 3. Soil Indexes Developed as Biophysical Indicators.

Index*  Formula Details Source”
NDI (Ra4o - |:21650)/(|:2840 + Rieso) Discriminates soil and dry matter 1

a - - Improved NDI discrimination 2
cncrs | Reo = AR = )

R1650 - aR840 - ap

CRIM 3
Bl Bl =/(TMZ +TM 22 +TM3?)/3 Bl =/(XSI2 + XS2%) /2 4
S S =(TM3-TM1)/(TM3+TM1) 5
HI HI = (2xTM3-TM2-TM2)/(TM2-TM1) 5
ci Cl =(TM3-TM2)/(TM3+TM 2) Cl =(XS2- xs1)/(xs2+xs1) | 67
RI R =TM32/(TM1xTM 2) Rl = XS2%/ XS1® !
RI Rl = XS2%/ XS1* 4

®NDI: Normalized Index; SACRI: Soil Adjusted Crop Residue Index; CRIM: Crop Residue Index Multiband; Bl: Brightness
Index -average soil reflectance; Sl Saturation Index-spectra slope; HI: Hue Index- dominant wavelength; Cl: Coloration
Index- hematite/ hematite+geothite ratio; RI: Redness Index -Hematite Content. b1, [62]; 2, 3[58]; 4,[132]; 5,[175]; 6,
[176]; 7, [131].
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