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			Preface

			This book focuses on remote sensing systems, algorithms, and their applications for evaluation of natural resources, especially in the areas of sampling design, land use and land cover (LULC) characterization and classification, natural landscape and ecosystem assessment, forestry, and agriculture mapping, biomass, and carbon cycle modeling, wetland classification and dynamics monitoring, and soils and minerals mapping. It combines review articles with case studies that demonstrate recent advances and developments of methods, techniques, and remote sensing applications, with each chapter on a specific area of natural resources.

			This book aims at providing undergraduate and graduate students with a focused text or a supplementary text for those whom the principles of remote sensing, digital image processing, or remote sensing applications are a course to be taken. It may also be useful for researchers, scientists, engineers, and decision-makers in geospatial technology and/or its applications to natural resources as a reference text.
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			Chapter 1. Fundamentals of Remote Sensing

			1.1	Definition 

			Remote sensing is defined as observing the earth’s surface and the environment from air or space through electromagnetic waves of the optical or microwave range. The restriction to electromagnetic waves is because the observation from a spacecraft excludes other possibilities, such as sonic waves, which require a medium like air, water, or solid earth for propagation. Other means of indirect observation are that stationary magnetic or electric fields are not sensitive enough for high geometric resolution measurements. 

			Remote sensing is characterized by the fact that it measures qualitatively and quantitatively features of the earth or its atmosphere without any material contact. The instruments applied are called sensors. If they consist of both a transmitter and a receiver, we are talking about “active sensors.” In the case of external signal sources, it is possible to use just receivers, i.e., “passive sensors.” Target’s features can be measured indirectly through the interaction with electromagnetic waves. Various methods are applicable. Figures 1.1 and 1.2 show the proper arrangements for passive and active sensors, respectively. In the passive case, one determines either - the amount of electromagnetic emission of the target itself, or - the reflectivity of optical signal power of the sun at the target, or - the amount of scattered power, if the “target” is, for example, an aerosol of the atmosphere, or - absorption of solar radiation power in the media to be measured. 

			[image: ]

			Figure-1.1: Basic elements of remote sensing techniques with passive sensors (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			[image: ]

			Figure-1.2: Basic elements of remote sensing techniques with active sensors (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			Other methods can also be applied, such as determining the amount of signal polarization or depolarization, etc. It is important to identify functional dependencies of the features measured on frequency or angle of observation in all cases. 

			One can measure “bistatic” if the transmitter and receiver are at different places. In active sensors, one usually applies a “monostatic” technique and measures the backscatter function: transmitter and receiver are located on the same platform. The receiver input detects the signal power returned from the target. 

			The sensors can either “look” vertically down to observe the nadir scene (optical scanner), or sideways (SAR), or horizontally (limb measurements) (see Figures 1.3 and 1.4).

			[image: ]

			Figure-1.3: Downward-looking (A) and sideward-looking (B) sensor (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			The sensor types can be classified in various ways. In Table 1.1, the active sensors are categorized into optical and microwave sensors, imaging and non-imaging sensors, and instruments, which allow the three-dimensional measurement of target surfaces. In Table 1.2, the passive systems are classified as radiometers and interferometers as non-imaging systems and scanning and framing sensors as imaging systems. Framing systems such as cameras can take a whole image simultaneously, as opposed to scanning systems that produce the image line by line. 

			[image: ]

			Figure-1.4: Limb measurement (Source: App lications of Remote Sensing to Agrometeorology by F. TOSELLI)
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			Table-1.1: Classification of active sensors (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)
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			Table-1.2: Classification of passive sensors (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			Framing has the advantage that a misalignment of the platform’s orientation affects all pixels in the same way and is corrected by one transformation. Scanned image distortion can vary from line to line or within a line and is more serious and complicated to correct.

			1.2	Electromagnetic Interaction 

			The electromagnetic interaction is a function of the physical parameters of the target. It is especially a function of the dielectric properties (permissivity) of the target’s material. The material’s behavior against microwaves can be classified into three categories: 

			◊	If the material behaves like metal, then the waves cannot penetrate this matter. Electromagnetic waves irradiating such a metallic surface are almost completely reflected. The type of reflection (specular or diffuse) depends on the roughness of the surface. 

			◊	If the material is water, then the incident waves are reflected at the water surface to a large extent. Only some small fractions of the incident energy can enter and penetrate the target and will be attenuated to almost zero power after a short way, say a few wavelengths or fractions thereof. 

			◊	“Dry” non-metallic materials change the wavelength of the incoming signals because the refractive index is larger than in vacuum or air. Under Snell’s law, the signals split into a transmitted and a reflected component (see Figure 1.5). With an increasing water content of the target, the similarity of the material’s properties with a metallic matter under electromagnetic interaction increases. 

			[image: ]

			Figure-1.5: Snell’s Law (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			Generally, the interaction of the waves with matter and its characteristic features can be described to a large degree by the following factors: 

			◊	Reflectivity/scatter, backscatter; 

			◊	Absorptivity, and to some degree, by 

			

			◊	The transmissivity.

			1.2.1	Reflection, Absorption, and Backscatter 

			They define the percentage of signal power reflected, absorbed, and scattered by the target. These quantities’ values are functions of the microstructure, the chemical nature, and the biological state of the target. 

			For example, the leaves of plants consist basically of a sponge-like structure, with many randomly distributed holes and droplets of water and other holes filled with some pigments (see Figure 1.6). They can be modeled simply by a glossy layer of a certain permissivity, where the loss is frequency-dependent. Dispersive multi-reflection, therefore, occurs in the leaves. The chlorophyll elements absorb radiation energy from the blue and red sections of the light spectrum. The reflected signal lacks these absorbed parts of the solar spectrum and, therefore, looks green. Almost all the signal energy is reflected in the infrared parts of the structure is in proper conditions. If, however, the structure is collapsed because of stress conditions, then the reflectivity is affected.

			[image: ]

			Figure-1.6: Cross-section of a leaf; biological and physical model (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			If photosynthesis no longer occurs, then the plant color changes to yellow, which shows that almost all spectral radiation components of the visible light are reflected. The typical spectral characteristic of healthy leaves is given in Figure 1.7. It is also a function of the season, i.e., of the vegetation’s phenological state. 

			The material, the surface structure, and partly the inner structure of the target influence the reflectivity. The “roughness” is a function of the surface variations measured in relation to the wavelength. The “Rayleigh” criterion defines that the surface is rough if the upper and lower surface sectors are/8 apart (Figure 1.8). We have no longer specular reflectivity, but reflectivity by Lambert’s law, i.e., the signal is no longer reflected specularly as on a mirror but scattered in all directions according to a cosine law (Figure 1.9). If the surface has a periodic variation, then a resonant effect occurs (Bragg effect). In certain directions, the signals look extremely bright (Figure 1.10). 

			A surface is “rough” if there is a strong interference between the rays reflected by the surface’s bottom and top parts. This happens when the difference of the optical paths of the rays exceeds the value of /4. 

			[image: ]

			Figure-1.7: Signatures of leaves and water (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			Spectral signatures 

			Bands of Thematic Mapper: 

			[image: ]

			For large [image: ] values (flat incidence), even large H-values can be tolerated to achieve “specular reflection.”
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			Figure-1.8: The Rayleigh criterion for the definition of the roughness (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			It should be remarked that the wavelength scales the criteria discussed. In the microwave region, where the wavelength is 4 to 5 orders of magnitude larger than in the visible region, the structure and roughness must also be 3 to 4 orders of magnitude larger than in the optical region to lead to the same interaction in particular reflection and scatter effects. 

			Another factor that is to be taken into account is the following: the relative dielectric constant of water is a frequency function. In the optical region, it is 10, which results in an optical refraction index of approximately 3, being interrelated by a square root function. In the microwave region below 3 GHz, the dielectric constant is in the order of 80. The refractive index is, therefore, in the order of 9.

			[image: ]

			Figure-1.9: Different types of reflection (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			[image: ]

			Figure-1.10: Bragg scattering (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			The transition between these values occurs between 3 GHz and 40 GHz. The refractive index n is defined by the ratio of the wavelength in the matter compared to the wavelength in a vacuum. The scatter phenomena are described mathematically by the Mie and Rayleigh functions (Figure 1.11), as is well known from physics.

			[image: ]

			Figure-1.11: Backscatter characteristic of a sphere as a function of the ratio of its radius to wavelength [image: ] (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			As long as the particles are small in comparison with the wavelength, the interaction is small. It is largest (resonant) if the particle diameter is about that of the wavelength. Suppose the particle is large compared to the wavelength. In that case, we have the case of the geometric optical with “visibility” and “shadowing.” This means that the medium is opaque if there are many such particles in the medium.

			[image: ]

			Figure-1.12: Backscatter as a function of incidence angle [image: ](Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			By taking into account that raindrops have diameters in the order of a few millimeters or below, one can understand that they inhibit the optical waves, but not the microwaves. Rain only affects the wave propagation for very high microwave frequencies (larger than 10 GHz), with wavelengths smaller than 3 cm. For much higher frequencies (optical area), even fog is not transparent. 

			Backscatter is a special case of scattering feature, another being reflection. In the “bistatic case” of the optics, where the sun illuminates the target (incident wave), and the sensor receives some scattered signal power, we can expect the received power to be maximum if the sensor looks towards the imaging point of the sun. A specular reflection means that no signal power is “retransmitted back to the illuminator.” In the radar case, the illuminator and the receiver are co-located. In the case of a non-zero incident angle, the receiver would, therefore, pick up no power at all in the case of an ideally flat boundary surface, for example, a metal plate. At the radar image, the target would then appear to be completely dark. This is why an ideally flat water surface looks completely dark in the radar image. Suppose the water surface is “rough” due to capillary waves, which are generated by the wind. In that case, the radar image becomes brighter with increasing wind strength. Oil slicks on water cause flattening of the water surface. One can, therefore, detect oil with radar. If the wave’s incident angle is zero and the surface acts like a mirror, we would receive maximum echo power. 

			More generally, the situation in the monostatic case is shown in Figure 1.12. Curve 1 shows the specular case. For an incident angle of zero degrees, the return power is large, while for other angles, it is zero. This is quite obvious. 

			Almost any surface is more or less rough. Therefore, we can assume that the specular scatter case will rarely occur. For this reason, we can assume in case 2 of Figure 1.12 that the realistic case deviates from case 1. We generally have small incidence angles [image: ] a strong backscatter, but it decreases monotonically with increasing[image: ]. Following the Rayleigh criteria mentioned above, even “rough” surfaces behave like smooth ones for close to 90[image: ] 

			The backscattering behavior varies very little for modest roughness surfaces with an incidence angle between 30[image: ] and 75[image: ]. Then the value rapidly becomes smaller due to shadowing effects. It is quite obvious that around a = 15[image: ] the curves for the various degrees of roughness coincide. This is important because if one requires to obtain remote sensing information about the type of material and surface structure, one must separate the roughness parameter from the material information. One case where such information is needed is soil moisture determination. Higher soil moisture means stronger backscatter around 15[image: ]

			A practical example is this: assume that there are two surfaces, one with very fine sand and another with coarse stones of diameters at least as large as the radar wavelength. The radar image would then show a dark area in the first region and a bright area in the second one. An analogous case: with airborne SARs with high geometric resolution (2 m), an image of a flat roof of a building may be represented in an X-band image as being very bright and in an L-band image as being very dark if the roof is covered by stones of a dimeter between the two wavelengths. 

			Another interesting case for radar imaging is this: a layer of dry sand with very fine grains, i.e., particles with diameters much smaller than the wavelength of the electromagnetic signal. Under this surface, another layer may exist, which consists of larger stones. Suppose they are of sizes large enough (i.e., comparable or larger than the wavelength) to represent large backscatter targets. In that case, one can expect the following: electromagnetic waves can penetrate the dry upper layer. The layer of large stones will scatter them. The radar image can, therefore, in case of very dry matter, show “subsurface phenomena.” Volume scattering is also important for radar scattering and might explain cross-polarized backscatter. This means that some fraction of the backscattered signal power is picked up by a receiver antenna which response to a polarization orthogonal to that of the transmitting antenna. If the signal was transmitted in horizontal polarization (B), then the received signal is picked up by a vertically polarized (V) antenna ([image: ]). If targets have all kinds of orientations (like trees, for example), they can depolarize the backscattered signal to some extent. All such reflecting targets have alternative orientations. 

			For the measurement of volume scattering targets (canopy), a cross-polarization measurement is, therefore, of great importance. But this measurement requires much higher signal power because [image: ] or [image: ] are generally lower than [image: ] or [image: ].

			1.2.2	Thermal Emission and Brightness Temperature 

			Let us now look at thermal emission used in remote sensing in the thermal infrared scanner and the microwave radiometer. 

			

			A. Thermal infrared

			According to Planck’s law, anybody with a finite temperature T emits electromagnetic signal power at any frequency. This is due to the thermal motion of the charged particles. The higher the temperature, the higher the particles’ kinetic energy and the higher will be the spectral energy of the thermal radiation. For the “blackbody,” the spectral radiant exitance is a maximum at [image: ] = 2898 [image: ]m K/T (Wien’s Displacement Law) (Figure 1.13). For “normal” temperatures of T = 290 - 300 K, this maximum is about 10 [image: ]m. 

			[image: ]

			Figure-1.13: Planck’s Law (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			For the sun’s surface, the “brightness” temperature is in the order of 6000 K. The radiation maximum is at about 0.6 [image: ]m, i.e., in the “yellow part” of the physical spectrum. The human eye is also the most sensitive to this part of the spectrum. The human sensor is optimized in this sense to the sun’s radiation! For the earth’s surface, the actual situation of spectral radiant emittance is shown in Figure 1.14, which can be understood by remembering that in the reflective part of the optical spectrum, the solar radiation reflected on the earth will be observed using the nadir-looking sensors. In the thermal region, i.e., the emissive part of the spectrum, the earth’s surface’s radiation is observed directly. One would receive the mixture of both types in the wavelengths around 4 to 6 microns during daylight.

			In contrast, in the 11 to 14-micron region, it is, in any case, the surface-emitting radiation that dominates. Here, we can see that up to about 5 [image: ]m, the reflected solar radiation will be dominant. Still, for larger wavelengths, the thermal radiation effect becomes larger. Two facts should be considered in this context:

			◊	The brightness temperature is proportional to the product of the “sensible” or physical temperature (which would also be measured using a thermometer) and the emissivity. For thermal infrared, most materials have almost the same emissivity of about 0.9. It is, therefore, relatively easy to determine surface temperatures of regions of unknown surface material. In the microwave region, the various materials’ emissivity values vary considerably, and there can, thus, be confused about the physical surface temperature. 

			◊	The emissivity of material generally depends on the spectral range. The spectral emissivity and, therefore, also the absorptivity can be very different in the thermal IR as compared to the visible part of the spectrum. This is true, for example, for glass and the [image: ] in the atmosphere, glass is transparent for the visible part of the spectrum. Still, it reflects the thermal IR part (greenhouse effect). The same problem might occur in our atmosphere from an increasing [image: ] content of the atmosphere: the earth’s surface absorbs the energy of solar radiation. It causes its average temperature of about 20[image: ]. At present, the radiation balance is achieved by reradiating back to the sky in the thermal infrared. If the [image: ] atmospheric content is in the future much greater than now; the atmosphere will then not be as transparent to the thermal IR radiation. This would lead to a heating up of our globe.

			[image: ]

			Figure-1.14: Energy available for remote sensing (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			

			B. Microwaves

			Now let us come back to the brightness temperature. Microwaves have the advantage of being able to penetrate to some extent into the vegetation canopy. For longer waves and/or small incidence angles, one can obtain radiometric signals about the soil temperature and soil moisture, even through clouds. From this point of view, one can see that microwave radiometry has considerable benefits. However, there are two disadvantages when comparing the features of this spectral region with those of the thermal IR region: different materials have emissivity in the microwave region, which differs considerably and, as has already been mentioned, the geometrical resolution of passive microwave systems for reasonable sizes of sensor antennas is very low.

			One might wonder why it is really possible to measure surface temperatures remotely so accurately, namely with a resolution of about 0.l[image: ], almost independent of the distance. This can be explained easily by the following example: assume 3 heated plates; one of them might be as hot as, say l300[image: ] and is, therefore, glowing red. The second plate should be “cold” and show the natural color of the material (say grey). The third plate may also be cold but painted in red color. From any distance, where the plates and their colors can still be seen, one could easily identify the grey plate as being a cold one. But for the two other plates, one must see whether the red color is due to paint or to temperature, i.e., if the color observed is due to “reflected light” or “emitted light.” Additional information is needed. In the example given, it would suffice to observe them in the darkness. The temperature, which is identified by the color of the emitted light, can be recognized remotely: the medium does not change the color between the target and the observer! Instead of the color, a real radiometer measures the target quantitatively’s spectral radiation power at several spectral bands. It can, therefore, determine to which part of a Planck’s curve it fits.

			1.3	Electromagnetic Spectrum 

			We are now considering the electromagnetic spectrum in general. As shown in Figure 1.15, various mechanisms affect the interaction between waves and material, such as dissociation, photo-ionization, molecular vibration and rotation, and finally, in the microwave region, the electric currents and the magnetic effects. Due to Planck’s law E = h[image: ]f, we can see that the energy increases proportionally to the frequency f and, therefore, inversely to the wavelength. The interaction of the electromagnetic waves with the components of the atmosphere affects their propagation. Only those parts of the spectrum for which the atmosphere is transparent can be used to sense the earth’s surface. Figure 16 shows the transparency of the atmosphere for the optical range. Here we have also indicated the bands of the LANDSAT MSS and the LANDSAT TM sensors. They are all located in the windows of the atmosphere. As shown in Figure 1.17, the atmospheric attenuation for the microwaves increases towards lower frequencies due to the interaction with plasma in the ionosphere and, in the higher spectrum, due to the troposphere’s attenuation. 

			[image: ]

			Figure-1.15: Interaction mechanism as a function of [image: ](Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			[image: ]

			Figure-1.16: Transparency in percent of the atmosphere for electromagnetic waves (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			[image: ]

			Figure-1.17: Absorption in the atmosphere by free electron and combined oxygen and water vapor (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			In the visible part, the atmospheric attenuation can be easily identified in the solar spectrum. The overall radiation follows the Planck curve for about 6000 K. There are many absorption lines produced by the constituents of the earth’s or the sun’s corona (Figure 1.18); the spectral ranges are coded in Table 1.3.

			[image: ]

			Figure-1.18: Spectral signal power of the sun measured on earth (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			[image: ]

			Table-1.3: Nomenclature of spectral bands (Source: Applications of Remote Sensing to Agrometeorology by F. TOSELLI)

			

			1.4	Remote Sensing Information 

			The tasks of remote sensing can be considered to be:

			◊	Cartographic mapping of regions; 

			◊	Thematic mapping; 

			◊	Identification of substances, structures, and regional interrelationships; 

			◊	Recognition of processes and trends; 

			◊	Monitoring of regional, seasonal developments, etc.

			So, it is partly the geometric and partly the radiometric information which is of interest. The combined geometric and mapping information of a B/W or a color photograph is evident. As regards the radiometric part, the information is contained in:

			◊	Spectral reflectance; 

			◊	Scatter/backscatter varieties; 

			◊	Emissivity is a function of materials and substances; 

			◊	Temporal variations; 

			◊	Structural/textural features; etc.

			They affect variations of the radiation quantities. It is the discipline expert’s task to recognize the variations and draw conclusions by applying his special knowledge to interpreting the radiometric and other data with respect to the physical/chemical, biological, ecological reality. Some of this knowledge is or will be collected systematically in expert systems.

			1.5	Conclusion 

			Remote sensing is based on the interaction with matter and the propagation phenomena of electromagnetic waves. There are various constraints regarding the applicable frequency bands, the sensor capabilities, the transparency of the atmosphere, etc. In general, one needs multi-temporal and multisensorial data to extract the maximum information.

			1.6	Exercise

			1.	How is remote sensing defined?

			

			2.	How has remote sensing been characterized?

			3.	In which ways can sensors be classified?

			4.	What are the advantages of framing?

			5.	In how many ways the material’s behavior against microwaves can be classified?

			6.	Write a short note on ‘Reflection.’

			7.	Write a short note on ‘Backscatter.’

			8.	Write a short note on ‘Absorption.’

			9.	Write a short note on ‘Thermal Infrared.’

			10.	Write a short note on ‘Microwave.’
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			Chapter 2. Classical Remote Sensing Application

			2.1	Remote Sensing-Based Determination of Conifer Needle Flushing Phenology over Boreal-Dominant Regions

			2.1.1	Introduction

			Vegetation phenology is the study of the plants’ recurring growth responses as inﬂuenced by seasonal changes in climate. In most instances, the climatic variables are primarily responsible for seasonal and inter-annual variability observed in the phenological events at local, regional, and global scales. Here, we are interested in one of the critical boreal phenological stages, i.e., “conifer needle ﬂushing.” The study of CNF is worthwhile because it: 

			1.	Deﬁnes the transition between spring developmental phases and the peak growing season; 

			2.	Indicates the end of proneness to bud damage due to late spring frost; 

			3.	Relates to the carbon exchange aspect, as conifers show a transition from source to sink near the completion of the bud developmental stages; and 

			4.	Deﬁnes the foliar moisture content and thus has potential in predicting forest ﬁre danger.

			In determining the conifer phenological stages, the most commonly employed method is ground-based observations. Over our region of interest, the Alberta Sustainable Resource Development has been acquiring ground-based phenological observations using a network of lookout towers since 1970. However, these observations may vary from person to person depending on their interpretation skills; and fail to address spatial variability.

			To address boreal vegetation phenology’s spatial dynamics, remote sensing-based methods have also been evaluated over various geographic regions. These methods mainly rely on detecting the changes in biophysical and/or biochemical characteristics inﬂuenced by the climatic variables by exploiting the temporal trends observed in various remote sensing-derived vegetation indices. These include the use of: 

			1.	Normalized difference vegetation index [NDVI: function of reﬂectance in red and near-infrared spectral bands];

			2.	Enhanced vegetation index [EVI: function of reﬂectance in red, blue and near infrared]; and 

			3.	Normalized difference water index [NDWI: function of reﬂectance in near-infrared and short wave infrared spectral bands]. 

			The implementations of vegetation indices related to greenness, particularly over the boreal forest, indicate that these have large uncertainty in determining the onset of spring due to snow. On the other hand, NDWI (a measure of canopy moisture content) has demonstrated its potential in determining the onset of spring over the boreal forest. This is because the short wave infrared bands (i.e., used to formulate NDWI) are sensitive to the canopy/plant water content. In general, these vegetation indices are capable of determining the phenological stages of spring onset, the peak of the growing season, and the end of the growing season. However, the application of any of the remote sensing-derived indices in determining the phenological stage of our interest (i.e., CNF) has not been reported in the literature so far. 
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