WHAT DO WE KNOW ABOUT SPECTRAL SIGNATURES OF ILLEGAL CANNABIS CULTIVATION?
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Abstract

Successful detection of outdoor illegal Cannabis cultivation with remote sensing would be of considerable help to law enforcement agencies.  Current methods of detecting Cannabis cultivation by aerial spotters emphasize indicators such as landscape alteration, presence of 

cultivation materials, and Cannabis color.  It is assumed that remote sensing will rely on the spectral signatures of Cannabis plant canopies as the primary indicator.  The complex nature of Cannabis spectral reflectance signatures has been examined using laboratory, field and airborne measurements.  Results thus far include: 1) leaf and canopy spectral reflectance of Cannabis exhibit characteristics of other green plants, 2) nadir spectral signatures do not have stable, unique absorption features suitable for a reference signature, 3) the "emerald green" (blue-green) color of Cannabis results from specular reflectance of blue sky light and small particle scattering from microscopic structures on the surface of Cannabis leaves, 4) spectral contrast between Cannabis and other plant canopies appears most significant for green, red edge and short wave infrared wavelengths, 5) spectral contrasts between Cannabis and tree species appear greater than spectral differences with other herbaceous species, 6) isolation of Cannabis canopy spectral signatures during land cover classification may be difficult using visible-near infrared systems, and 7) researchers investigating detection technologies must be kept aware of the trends of growers to conceal sites.  Analysis of the essential elements of information associated with illegal Cannabis cultivation offers other possibilities for detection with remote sensing.  Thus, the spectral signatures of multiple indicators and image textural content warrants further investigation.  Ultimately, remote sensing will be most effective when used with a probability-of-occurrence/Cannabis cultivation site prediction model from the Counter Drug – Geographical Regional Assessment Sensor System (CD-GRASS).  

Introduction

Current methods of detecting Cannabis cultivation by aerial spotters emphasize indicators such as 1) signs of human activity, landscape alteration, or presence of cultivation materials where plants can be grown with some degree of obscuration and decreased probability of attention, 2) objects, an arrangement of landscape elements, or activity out of context or "out of the ordinary", and 3) the color difference between marijuana plants and other plants [1,2] (Figure 1).  

While the color difference between Cannabis plants and other plants is also used for detection, it is often the most difficult indicator for spotters to detect.  The contrast of the blue-green or "emerald green" appearance of Cannabis plants with that of other plants is subtle.  The contrast can be greater when fertilizer, water, and elimination of stress-inducing factors are given to cultivated plants while other surrounding plants suffer from limited nutrients, drought, or pests.  Additional nitrogen fertilizer to Cannabis results in increased chlorophyll concentration in leaves, and subsequently “darker green” reflectance [3]. The unique leaf shape and canopy architecture of Cannabis plants also adds a "hazy" appearance to the plants when seen from a distance. 

Successful detection of outdoor illegal Cannabis cultivation with remote sensing would be of considerable help to law enforcement agencies and would presumably rely on the spectral signatures of Cannabis plant canopies as the primary indicator.  This presentation reports on multiple investigations to assess remote sensing as an aid to detection of illegal Cannabis cultivation.  These investigations were conducted using DEA-licensed indoor and outdoor Cannabis cultivation facilities.  Spectral reflectance signatures of Cannabis leaves and canopies were examined using laboratory, field, and airborne systems.  Traditional image processing techniques exploiting image spectral signatures and image texture were tested on an airborne data set.  Finally, the essential information elements of illegal Cannabis cultivation sites are re-examined with suggested directions for future research.
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Figure 1a (left). Near-nadir view angle natural color digital image of an illegal Cannabis cultivation site taken by an aerial spotter.  Eight plants are visible near the center of the image.  Note how the bare soil can serve as an indication that the naturally-occurring vegetation was cleared for a cultivation site.  Figure 1b (right) illustrates the current trend of many growers to plant in irregular patterns with very little clearing and altering of the surrounding vegetation.  There are at least two plants near the center of this image. 

Cannabis Leaf and Canopy Spectral Reflectance

Leaf Hemispherical Reflectance

Measurements of the hemispherical spectral reflectance properties of Cannabis leaves were collected during the 2002 growing season.  Measurements of kenaf species, sometimes misidentified as Cannabis because of its similar leaf color and architecture, were also collected. Leaves were collected at a DEA-licensed outdoor growth facility from plants grown from seeds, or propagated from stem cuttings.  The plants were transplanted from a greenhouse to the outdoor site when the plants were approximately 15 cm high.  Leaf samples were placed in a plastic bag in an ice chest and transported to a laboratory for measurements.  Leaf reflectance and transmittance were obtained via use of a field portable-spectroradiometer coupled to an integrating sphere using fiber optics [4].  Hemispherical measurements acquired with this method are desirable to minimize variations of reflectance from the leaf bidirectional reflectance distribution function (BRDF) and are suitable for input to many plant canopy reflectance simulation models  [5,6,7].

Examples of the leaf hemispherical spectral reflectance from six varieties of Cannabis are illustrated as Figure 2a.  Note the similarity of the signatures.  Leaf hemispherical reflectance of naturally-occurring species measured during 2000 are plotted with a representative Cannabis and Kenaf spectra as Figure 3.  Note the similarity of the spectra from the different species.  
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Figure 2.  Means of leaf hemispherical reflectance for six strains of Cannabis.  The numbered spectra are of Cannabis accessions from Plant Research International, The Netherlands.  F891186 is a fiber variety from Russia with very low THC content; D883271 and D910972 are drug varieties from Afghanistan, and The Netherlands, respectively.  The pedigrees of the remaining three are unknown beyond the location where the seed were acquired. 

Cannabis “Emerald Green” Leaf Reflectance

Experienced aerial spotters have reported that Cannabis plant canopies exhibit a distinctive blue-green or “emerald green” color.  Questions to aerial spotters about viewing conditions revealed that most, if not all, aerial spotting is done at off-nadir angles and that very little observation is done from a nadir look-angle.  Many of the spotters report greater success keying on the emerald green color when looking off-nadir into the forward scatter direction (sun behind the target).  This appeared to indicate that Cannabis might have a unique directional reflectance feature.  

Light reflected from a plant leaf can be separated into components that 1) originate at the surface of the leaf with no information about leaf pigments, and 2) a component that emanates primarily from the interior leaf tissue that is strongly affected by leaf pigments such as chlorophyll.  Both specular reflection - a mirror-like process, and small particle scattering, are affecting light incident at the leaf surface and may be responsible for the emerald green appearance of Cannabis.  The green reflectance emanates primarily from light transmitted through the waxy leaf surface ‘cuticle’ into the leaf where it interacts with chlorophyll molecules].  The specular component, originates at the cuticle and adds a bluish 'bloom' from blue skylight to the appearance of the green surface.  

The surface reflectance may be captured by polarized measurements of reflected light.  The two pairs of photographs of Figure 4 illustrate maximum (left) and minimum (right) polarized reflectance of Cannabis plant canopies and individual leaves.  Note that reflectance from the cuticle may be strong enough to give plant leaves a completely white appearance.  

Cold-stage electron micrographs were taken to further investigate light scattering from Cannabis leaf surfaces (Figure 5).  These images reveal that the surface of Cannabis leaves are largely covered with patches of aligned rods, each a fraction of a wavelength of visible light in diameter, and multiple wavelength dimensions long.  Rods within adjacent patches are oriented differently.  There appears to be an amorphous wax substrate beneath and between the rods.  Light scattering theory suggests that the ensemble of rods atop the amorphous wax surface is capable of preferentially scattering blue light, thus further adding to the bluish bloom. 

The relative importance of each of these processes to creating the emerald-green appearance of Cannabis is not clear at present.  Many other plant species also polarize reflected light to some extent and the differences of polarization may a useful diagnostic tool for identifying plant species [8].  Additional studies are underway to analyze the differences of polarization between different plant species.  
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Figure 3.  Mean leaf hemispherical reflectance of Cannabis with other selected herbaceous species.
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Figure 4.  Maximum (left) and minimum (right) polarized reflectance of cannabis plant canopies and individual leaves.  The shiny reflectance (left photos) largely disappears when the polarizer is rotated to its minimum (right photos).
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Figure 5.  Electron micrographs of Cannabis adaxial (upper) leaf surfaces at 100x and 800x magnifications.  

Cannabis Spectral Signature Contrasts With Other Landscape Signatures

Prior analysis of Cannabis spectral signature contrast was conducted using measurements of leaf optical properties and a plant canopy reflectance model [3].  Spectral contrasts between Cannabis and tree species appeared greater than spectral differences with other herbaceous species.  Signature contrast was also greater for full Cannabis canopy cover.  Spectral contrast between Cannabis and other plant canopies appeared most significant for green, red edge and near infrared wavelengths.  Further analysis of leaf spectra extending beyond 1100 nm also suggested that a short wave infrared wavelength would have greater spectral contrast [2].  The visible and near infrared wavelengths were among those chosen for tests of signature contrast analysis using airborne imagery.  

A landcover classification of an airborne data set collected using the Airborne Imaging Spectroradiometer for Applications (AISA) was conducted [9].  Imagery were collected from transects flown over the controlled outdoor growth facility on August 22, 2001 starting approximately 3 hours before solar noon under clear sky conditions.  The layout of the outdoor growth facility included regularly spaced rows of Cannabis plants, and areas with mixed Cannabis and naturally occurring weeds.  The transects included a variety of urban, agricultural, forested and mixed land covers (Figure 6).  The data were collected from 1000 m above ground level with a ground instantaneous field of view of 1 m.  Sixteen 8-10 nm wide spectral bands were collected (Table 1).  An upward-looking fiber optics probe with a cosine diffuser feeds down-welling solar radiation into AISA during data collection.  These values were used to calculate apparent reflectance from the at-sensor radiances derived from laboratory calibration.
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Figure 6.  False color composite of imagery used for the contrast analysis.  

	Band
	Band Center (nm)
	Band Width (nm)

	1
	500
	9.76

	2
	530
	9.76

	3
	554
	9.76

	4
	580
	10.39

	5
	605
	10.39

	6
	634
	10.39

	7
	650
	10.39

	8
	675
	10.39

	9
	700
	10.39

	10
	725
	10.39

	11
	750
	10.39

	12
	780
	10.39

	13
	800
	10.39

	14
	850
	10.62

	15
	880
	10.62

	16
	900
	10.62


Table 1. AISA imagery spectral band centers and band widths for the August 22, 2001 imagery.

Information about crop types for fields throughout the imagery, was obtained via a windshield survey and discussions with the Beltsville Agricultural Research Center (BARC) farm manager.  The three flight lines had overlapping areas and were georeferenced and mosaicked together.  Locations for spectral signature training were based on the ground truth information.  Areas with bad data or problem pixels were removed from analysis using masking procedures.  Supervised and unsupervised classification procedures applied across the full scene, included Minumum Distance, Parallelpiped, Mahalanobis, and Principle Components Analysis techniques.  The Mahalanobis supervised classification results provided the smallest number of signature conflicts and unclassified pixels.  Comparing spectral signatures of the spectral signature training areas further refined the Mahalanobis classification procedure (Figure 6).  Bands that included the most spectral separation for Cannabis from other cover types were identified.  The Mahalanobis classification was applied to the data using different combinations of 780, 800, 850, 880, 900 nm spectral bands.  The 850 nm and 880 nm bands were finally selected as the most useful (Figure 7).
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Figure 6. Spectral signatures from the image classification analysis.  Although the Cannabis signature looks separable in the red to near infrared rise and the near infrared shoulder, the classification resulted in many conflicts with different land covers.
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Figure 7a (left).  Close-up view of the licensed growth site from the transects shown above. Figure 7b (right) shows a close-up of the classification results highlighting pixels designated as Cannabis.  

Essential Elements of Information for Illegal Cultivation Sites

The examination of photographs of illegal cultivation sites and the results of the spectral-spatial image analysis suggest that other scene elements of cultivation sites may offer possibilities for remote sensing-based detection.  Essential elements of information (EEI) associated with illegal Cannabis cultivation were previously compiled by Bobbe et al., [10].  These tables provide insights to ‘observable elements’ linked to illegal cultivation sites of interest to aerial spotters and analysts using a variety of photographic, electro-optical, and RADAR remote sensing systems.  While many of the elements can be remotely sensed, it is often the synthesis of the objects that distinguishes them as indicators of illegal grow sites.  Further, not all elements appear at every site, thus making any indicators beyond that of the plants themselves, problematic.  The distance of a site from human activity and/or land-use may also determine the probability of occurrence of some EEI.  The degree to which growers attempt to camouflage or otherwise obscure a suspected cultivation site may also determine which elements are most appropriate for sensing.  An examination of a subset of the EEI deemed appropriate for electro-optical remote sensing may provide possibilities for additional investigation (Table 2).  Beyond canopy reflectance itself, scene elements such as bare, and especially disturbed bare soil most notable early during the growing season may offer opportunities for detection via remote sensing for some areas of the country.  

Conclusions

Investigations into the nature of Cannabis leaf and canopy spectral reflectance have yielded a number of insights:

1) leaf and canopy spectral reflectance of Cannabis exhibit characteristics of other green plants, 

2) nadir spectral signatures do not have stable, unique absorption features suitable for a reference signature, 

Table 2. Essential elements of information (EEI) for illegal Cannabis cultivation sites.  

	Essential elements of information
	description
	Sensor systems

	Prepared Garden Site
	-Suitable area/clearing with adequate sun for growth

-Altered or cleared vegetation

-Disturbed soil

-Fertilizer bags, discarded bags, spillage

-Trash including discarded food containers
	-Color and color IR photographs or digital cameras

-High spatial resolution multi/hyperspectral scanner

	Seedlings in Garden
	-Regularly spaced patterns

-Bare soil

-Wet soil
	-Color and color IR photographs or digital frame cameras

-Color video

-Thermal IR

	Mature Plants
	-Contrasting plant color

-Contrasting plant texture

-Spatial plant and leaf patterns
	-High spatial resolution color IR photography or digital cameras

-Multi/hyperspectral scanner

	Plant Rows, Groupings, “Guerilla” Gardens
	-Un-natural patterns/clearings

-Irrigation network

-trail/path network
	-High spatial resolution photography

-Thermal IR

-Microwave

	Plant Vigor/Growth Status
	-Plant color

-Plant height

-Plant density

-Presence or absence of reproductive plant parts
	-Multi/hyperspectral scanner

-Color IR photographs

-LIDAR

	Soil Patterns, Soil Containers
	-Spatial patterns

-Temperature contrasts
	-High spatial resolution photos/images/video

-Multi/hyperspectral

-Thermal IR

	Irrigation
	-Temperature contrasts
	-Thermal IR

	Fertilized soil
	-Residue

-Discarded fertilizer bags
	-LIDAR

-High spatial resolution digital cameras

	Pesticides
	-Discarded containers

-Dead and/or dying indigenous vegetation
	-High spatial resolution photos/images

-Multi/hyperspectral


3) the blue-green or “emerald green” color of Cannabis is the result of specular reflectance of sky light from microscopic structures on the surface of Cannabis leaves, 

4) spectral contrast between Cannabis and other plant canopies appears most significant for green, red edge and short wave infrared wavelengths,

5) spectral contrasts between Cannabis and tree species appear greater than spectral differences with other herbaceous species, 

6) full canopy cover Cannabis plant canopies have the greatest spectral contrasts,

7) isolation of Cannabis canopy spectral signatures during detection via classification of land cover may be difficult using visible-near infrared systems,

8) the essential elements of information associated with illegal Cannabis cultivation offer other possibilities for detection via remote sensing, and thus, the spectral signatures of non-Cannabis plant indicators warrant further investigation.  

9) it is important that investigators researching technologies for detection maintain an awareness of the trends of illegal cultivation site trends.  

Future research will focus on further clarifying the mechanisms creating the specular signature, thus necessitating a need for leaf and canopy directional reflectance measurements.  The airborne data analysis needs to be conducted using a system that will provide 1) extended wavelength coverage (visible through short wave infrared), 2) finer spectral bandwidth resolution and a greater number of spectral bands, and 3) higher spatial resolution (<1 m).  Different illegal grow site scenarios such as isolated individual plants or small groupings of plants would provide a more realistic assessment of the technology.  Thermal infrared wavelengths also merit investigation especially for detection of irrigated plants.  

Areas within imagery can sometimes be characterized by variation of brightness, rather than unique values of brightness [11].  This variation of brightness is known as texture can be exploited for detection and identification of features.  A combined spectral-spatial approach for detecting illegal cultivation sites merits investigation.  The extended wavelength image data suggested above would provide an opportunity for both spectral and spatial analysis. 

A major tenant of remote sensing is that remotely sensed information is rarely used as a stand-alone source of information.  Ultimately, detection of illegal Cannabis cultivation by remote sensing will be most effective when used with a probability-of-occurrence landscape stratification derived from other data sources such as the Counter Drug – Geographic Resource Analysis and Sensor System (CD-GRASS) [12].  
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