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Abstract

:

Locating potential tree-planting sites and analyzing tree canopy cover is important in the planning and management of urban forests. This paper reports the quantification of potential planting sites as well as tree canopy cover in the urban area of Mexico City, estimated by means of SPOT (Satellite Pour l’Observation de la Terre) 6 satellite images and a supervised pixel-based classification approach. Results showed an estimated area of 3100.7 ha of potentially useful sites, including places with bare soil and grass-covered areas such as median strips, roundabouts and parks. An average tree canopy cover of 10.6% and an average impervious surface of 79.2% for the 15 boroughs were also analyzed. The area of potential planting sites would represent a 5% gain for the current tree canopy cover if it were to be planted. With an overall accuracy of 92.4%, the use of both images from the SPOT 6 sensor and the classification approach proved to be appropriate for obtaining thematic covers in the urban environment of Mexico City.
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1. Introduction


Spaces with vegetation play a critical role in the proper functioning of cities, impacting the quality of life of their inhabitants. Trees are the most essential elements of such spaces as the primary providers of a wide range of environmental services [1,2,3,4,5,6]. Increasing tree cover is thus one of the most cost-effective strategies for reducing the various adverse effects of urbanization, such as heat islands, excessive consumption of electricity for heating and cooling buildings, and daily stress [7,8,9,10,11].



Quantifying the tree canopy cover (TCC)—a canopy-occupied area viewed from above—of a city assists in planning, managing, and researching the present vegetation, as well as in estimating the value of the services by revealing both the characteristics and distribution of the trees [12,13]. Knowledge of tree canopy cover and potential planting sites is important in increasing the size of urban forests. Today, urban planners and decision-makers require this detailed information to guide the selection and maintenance of trees appropriate to the local conditions of the site [14], since in most cases complete information regarding the urban forest, the community framework and a resource management approach is lacking [12,15].



Traditionally, this information is generated through the interpretation of aerial photographs or field inventories, resulting in a considerable expenditure of time and the need for trained personnel. In addition to being slow, neither method provides complete coverage of large areas [16,17,18,19]. Nowadays, the availability of multiple sources of images from remote sensing and different processing techniques allows urban specialists to evaluate the TCC more efficiently, with the advantage of obtaining information on a large area in less time and with increasing precision [14,20,21,22,23,24].



Remote sensing techniques allow land use and land cover maps to be obtained for the integrated management of both existing and potential green areas by locating and quantifying sites useful for increasing the TCC [25], and therefore, contributing to counteracting urban environmental problems in order to improve people’s quality of life [25,26,27,28,29]. Two TCC-related metrics—technical potential and market potential —allow for more in-depth knowledge and better planning of wooded spaces. Technical potential refers to the total amount of canopy cover that could be achieved if the current or existing TCC and the potential tree canopy cover (PTCC) were added together. On the other hand, the market potential is the portion of the technical potential that can be used given the physical or preferential barriers that prevent planting [25,30]. Physical barriers include overlaps with trees and other existing or future uses of spaces for higher priorities, such as sports fields and housing, among others. Therefore, analyzing the dynamics of tree cover and spaces available for planting using a Geographic Information System (GIS)-based method is essential in large areas such as urban environments. The objective of this study is to determine potential planting sites and generate a classification of the urban land cover types in Mexico City, emphasizing the mapping of existing tree cover.




2. Materials and Methods


2.1. Study Area


Mexico City’s territory is divided into urban land (UL) with an area of 60,867.9 ha and conservation land (CL) with an area of 87,294.4 ha (Figure 1). This study comprises only UL. Mexico City has 7810 ha of trees (12.8% of the UL area) and 3480 ha of grasses and bushes accounting for 5.7% of this area. A total of 18.5% of the city’s urban area is covered with trees, grasses or bushes [31].




2.2. Spatial Data


Two scenes (in panchromatic and multispectral mode) from the SPOT 6 satellite (k-j 589-311 and 589-312) covering Mexico City were used, corresponding to 29 November, 2015 [32]. The SPOT 6 image has a spatial resolution of 6 m in multispectral, and a standard ortho process, which consists of an ortho rectification by a digital elevation model (DEM) and 12-bit radiometric correction with the nearest neighbor method (Table 1).



Vector and raster files were also included for further analysis. We used municipal geostatistical areas (2012), scale 1:250,000, to extract the political boundaries of the 15 boroughs analyzed. Land use and vegetation layers, scale 1:250,000, were used to extract the urban land-use portions of each borough. Digital elevation models (DEM) (a digital surface model (DSM) and a digital terrain model (DTM)) derived from light detection and ranging (LIDAR) airborne sensor data from 2010 with a scale of 1:10,000 and a spatial resolution of 5 m were used. The DTM and DSM each required 62 tiles to cover all of Mexico City. Mexico’s National Institute of Statistics and Geography (INEGI) produces and publishes land cover and vegetation type maps on a national level at a scale of 1:250,000 using a 25-hectare minimum mapping unit. From this land cover and vegetation map, the “urban areas” land cover class was isolated to delineate the study area and provide a spatial context for the analysis. All geographic information described above was produced by Mexico’s National Institute of Statistics and Geography and is available at www.inegi.gob.mx. The vector of the “green urban cover” used in this study was produced by the Environmental Prosecutors and Land-Use Planning Office of Mexico City (PAOT) through a field inventory, and was interpreted on Quickbird imagery from the years 2006 and 2007 using a 50 m2 minimum mapping unit (available at http://200.38.34.15:8008/mapguide/sig/siginterno.php). All layers were homogenized to the UTM-14N projection and WGS84 datum.




2.3. Identification of Potential Planting Sites


For this study, generally any site without buildings or paving that was also reported as having urban land use within the 16 boroughs that make up Mexico City was considered as a potential planting site [27]. The Milpa Alta borough was not considered because urban land use was not reported. The information was processed in ArcGIS version 10.3 ® [33]. The visualization and coupling with higher spatial resolution Google Earth® images were carried out in QGIS [34].



The detection and quantification of potentially useful planting spaces were carried out using supervised classification and masking procedures [17,19,20]. Due to the enormous heterogeneity that characterizes Mexico City, each borough’s territory was analyzed individually in order to reduce the number of contrasting elements that could add confusion to the classification. Through field trips, visual analysis of the satellite images and the coupling of the panchromatic image with higher spatial resolution Google Earth® images [35], we determined the points that served as sites for training and validated the precision of the classification process (Figure 2).



Four cover classes were defined for all boroughs: trees, grass, bare soil and impervious surface. For the first three classes, training sites and sites to assess the precision of the classification were identified (Table 2). In order to analyze each borough’s territory in terms of total green area (trees, grass and bare soil) vs. impervious surface (houses, buildings, streets, avenues, etc.), the impervious surface class was added with the inclusion of any surface not covered by trees, grass or bare soil. For validation purposes, 40 points were taken for each defined cover class per borough.



Before executing the supervised classification algorithm, an analysis of the separability of the classes was carried out by performing an unsupervised classification with the iterative self-organizing data analysis technique (ISODATA) algorithm due to the spectral proximity of bare soil to some impervious surfaces such as roofs. With the established training sites, the spectral signature for each type of cover was obtained, and the supervised classification was performed with each spectral signature using the Maxlike (maximum likelihood) algorithm individually in order to obtain thematic maps of the covers required for each borough [36,37].



Masking techniques [22] and map algebra were used to remove the confusion between the “impervious” and “bare soil” classes. Classification accuracy assessment sought to demonstrate that within the impervious class, the buildings are the elements in conflict with the bare soil, so their height was used to differentiate them. The DTM was subtracted from the DSM, which resulted in a new DEM with the heights of the objects in relation to the ground [22], negative values for areas with depressions, zero values for ground level, and values greater than zero for any element with height greater than zero meters. Subsequently, this DEM was resampled to the same pixel size of the satellite image to finally be reclassified and obtain a thematic map with height categories. From this, it was decided that pixels with values from negative to positive with a maximum value of 0.9 m should be considered as ground in order to avoid the exclusion of sites such as planters and roundabouts. This recategorized map served as a mask to correct confusion errors in the bare soil class.



Subsequently, the thematic maps of sites covered with grass and those with bare soil were vectorized, excluding sports fields, which mostly have bare soil or are covered with grass. Sports areas were identified in the c3 vector information layer. Finally, the areas within each borough were quantified to obtain the total hectares representing the detected potential spaces (Figure 3).




2.4. Classification Accuracy Assessment


When classifying the covers individually, there was a possibility of pixels being assigned to more than one class, so the existing confusions were verified through map algebra, specifically with the following interactions: (trees × grass), (trees × soil) and (grass × soil). Analyzing the different pixels with the help of the panchromatic image and Google Earth® images [38] allowed them to be reassigned to the class to which they belonged. Subsequently, the 0.29% of pixels previously selected as reference data (2330; of which 610, 580, 540 and 600 belong to the tree, grass, bare soil and impervious classes, respectively), were analyzed in a confusion matrix by taking them as field truth vs. the assigned class [39]. The Kappa index and overall accuracy were used to evaluate the degree of precision of the performed classifications [40].





3. Results


3.1. Location and Quantification of Potential Planting Sites


In all boroughs, sites covered with grass or bare soil were detected (see columns B and C in Table 3) and considered potentially useful for increasing the currently wooded area (Figure 4). These sites vary in size, with the smallest being an area of approximately 36 m2 (pixel size); most of them are located in median strips, parks and roundabouts. The borough of Iztapalapa has the most extensive available area of potential planting sites, while the borough of Benito Juárez has the smallest available area, with 569.6 ha and 12.7 ha, respectively (Table 3).




3.2. Existing Tree Canopy Cover


The tree canopy cover of the 15 boroughs reporting urban land use in their demarcation was quantified, finding an average of 10.6%. The Miguel Hidalgo borough has the largest wooded area with 21% cover, while Tláhuac has the lowest cover with just 3.2% of its area (Table 4).




3.3. Total Green Area Surface vs. Impervious Surface


Figure 5 displays a useful measure to estimate the degree of “greenness” of the boroughs, in which areas with cover (or permeable cover) of vegetation are compared with impervious areas (grey surface) such as streets and buildings. The Miguel Hidalgo borough has the highest percentage of surface covered by green area, while the Benito Juárez borough has the lowest percentage, with 27.6% and 8.7%, respectively. In regard to the impervious area, the same ratio is kept, but in the opposite direction; Benito Juárez has 91.3% of this type of cover, while Miguel Hidalgo has an estimated 72.4% (Table 5).




3.4. Potential Tree Canopy Cover, Technical and Market Potential


The PTCC results from the sum of values of columns B, C and D in Table 2. The technical potential is calculated by the sum of the values of columns A, B, C and D. Finally, a rough approximation of the market potential would result from the sum of the values of columns B and C only. The portion corresponding to the sports areas that cannot be considered for planting more trees due to their land use was subtracted from the initial result (Table 6).




3.5. Classification Accuracy Assessment


The pixels of tree, grass, bare soil, and impervious classes constituted 0.034%, 0.151%, 0.098%, and 0.005%, respectively, of the total classified pixels. The identification of the four covers of interest from the SPOT 6 satellite image was carried out with acceptable accuracy (Table 7). The Kappa index value was 0.89855.





4. Discussion


Although there is currently no clearly defined reference parameter for green area per inhabitant or on the ideal TCC, some cities have adopted a management plan for their urban forests with the goal of increasing tree cover. For example, 20% was reported for Baltimore, 23% for New York, 23% for Seattle, 21% for Los Angeles, 31% for Minneapolis, 32.5% for St. Paul and 22% for Woodbury [25,27,29,41,42], so that such an average could serve as a reference. In this sense, Mexico City is below the average with only 10.6% tree canopy cover, with the possibility of reaching 15.5% if the current TCC plus the percentage added by the market potential is considered; even so, the percentage is still lower than that reported by the cities mentioned.



In the city’s land cover maps, it is not only important to locate both current and potential green areas, but also to locate and quantify the impervious surface, because in this way it is possible to detect the sites with the greatest need for wooded areas and locate those that can potentially act as heat islands [35].



Although the present study detected and quantified the total area with potential to be used as planting spaces due to their permeable surface, it is necessary to consider a series of criteria to discriminate the places that, for various reasons, do not fully comply with any of the defined requirements, and thus determine the market potential and identify surface that is actually usable. For example, although the canopy of certain trees is particularly good for producing a large shaded area, it can also retain heat under it during the night. As such, a canopy cover should not form a continuum in order to allow adequate ventilation and thus allow trapped radiation to escape during the night [9,43]. On the other hand, previous research even discards sites where the potential cover of adult trees overlaps with that of existing trees, or where there is a potential conflict with any other type of existing infrastructure [26,27].



In this sense, the first approximation to determine the market potential in this research was made by establishing detected sites that overlapped with sports areas as exclusion criteria [31], as such sites already have a defined land use which makes them incompatible with the establishment of more trees [25,44]. In addition, ascertaining which of the detected spaces are public and which are private, and identifying under which level of government or under which institutions the safekeeping of such spaces is entrusted are also of interest for the purposes of this research.



Therefore, the first steps are to locate and quantify the potential areas; to determine the market potential; to set a specific goal to be achieved (or that needs to be resolved) in regards to the place where an increase in tree cover is intended. For example, the main objective of the establishment of green areas in the city of Port Phillip, Melbourne, Australia, is the mitigation of the heat island effect [35], while in Minneapolis, Minnesota, USA, strategic tree planting was implemented in order to save electricity following the acquirement of a land map of the city [28]. Even decreasing the pressure for recreational use of existing green areas can be a very important objective to consider [45].



When recognizing sites with planting potential and setting specific objectives for the establishment of new tree areas, it should be remembered that the final selection of species under such specifications will depend on a multiplicity of conditions such as local climate, soil, water availability, and community norms and preferences [46,47] in order to avoid the current problems prevailing in the vast majority of the trees that make up the urban forest as a whole [48,49].



For the final and real estimation of potential planting spaces (market potential), even the opinions of neighbors and others close to the green area in question must be considered; for example, a recurrent unfavorable point of planting in urban parks is that such areas generate a perception of insecurity compared to areas covered with mowed grass [50]; however, this situation can be reversed if the spatial configuration of the area and the structure of the trees are taken into account [51]. Under this scenario, it is possible to recover abandoned spaces and turn them into pleasant places for the generation of environmental services.




5. Conclusions


The classification of covers, namely tree canopies, impervious surface, grass and bare soil, had an accepted average accuracy (kappa of 0.89). While the detected sites covered with grass and bare soil were considered potentially useful areas to plant more trees and subsequently increase the wooded area of Mexico City’s urban area, these sites must be filtered or discriminated by a series of criteria such as land use in order to retain those that are free of any restrictions. The SPOT 6 satellite images and the use of GIS proved to be economical, efficient and relatively precise inputs for the detection and quantification of the covers examined in this study. However, it is necessary to consider the use of higher spatial resolution satellite images given the conditions of Mexico City. When comparing the results with those from 2010, it was possible to make a quantitative assessment of the urban forest dynamics in Mexico City’s area, in which a decrease of 14% was found. Finally, the results of this work can be used to assist in the planning of programs for the recovery and planting of sites devoid of tree cover in Mexico City’s urban area.
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Figure 1. Study area delimited by Mexico City’s urban land. 
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Figure 2. Training sites for bare soil (green squares on the left) located at I. Zaragoza Avenue in the Iztapalapa borough of Mexico City. 
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Figure 3. Flowchart for the identification of potential planting sites. 
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Figure 4. Potential planting sites (bare soil) in Mexico City’s urban land. 
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Figure 5. Green area vs. impervious surface in Mexico City. 
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Table 1. SPOT 6 satellite sensor specifications *.






Table 1. SPOT 6 satellite sensor specifications *.





	Specifications
	Description





	Multispectral Imagery (4 bands)
	Blue (0.455 µm–0.525 µm)

Green (0.530 µm–0.590 µm)

Red (0.625 µm–0.695 µm)

Near-Infrared (0.760 µm–0.890 µm)



	Resolution (GSD) 1
	Panchromatic—1.5 m

Multispectral—6.0 m (B, G, R, NIR) 2



	Location Accuracy
	10 m (CE90)



	Imaging Swath
	60 Km at Nadir







1 GSD: Ground Sample Distance; 2 B: Blue, G: Green, R: Red, NIR: Near Infrared; * © Airbus 2020.
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Table 2. Training and validation sites by type of cover.
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	Cover
	Number of Training Sites
	Number of Validation Sites
	Training Area by Type of Cover (ha)





	Tree
	140
	40
	0.504



	Grass
	100
	40
	0.360



	Bare soil
	80
	40
	0.288



	Impervious surface
	0
	40
	0
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Table 3. Potential planting area and total green area in Mexico City’s boroughs.






Table 3. Potential planting area and total green area in Mexico City’s boroughs.





	Borough
	Tree (A) ha
	Grass (B) ha
	Bare Soil (C) (ha)
	Potential Sites (B + C) (ha)
	Sports Areas (D) (ha)
	Total (A + B + C + D) (ha) (%)





	Álvaro Obregón
	944.8
	235.7
	196.3
	432.1
	15.4
	1392.4 (13.8)



	Azcapotzalco
	291.2
	24.2
	62.1
	86.3
	15.5
	393.0 (3.9)



	Benito Juárez
	218.3
	3.2
	9.4
	12.7
	1.6
	232.5 (2.3)



	Coyoacán
	889.7
	51.0
	154.1
	205.1
	35.2
	1130.0 (11.2)



	Cuajimalpa
	169.1
	103.3
	34.3
	137.6
	0.3
	307.1 (3.1)



	Cuauhtémoc
	300.2
	19.5
	41.8
	61.3
	1.8
	363.4 (3.6)



	Gustavo A. Madero
	673.5
	167.4
	150.2
	317.6
	55.6
	1046.7 (10.4)



	Iztacalco
	141.6
	34.8
	48.2
	83.0
	14.4
	239.0 (2.4)



	Iztapalapa
	515.5
	159.5
	410.2
	569.6
	69.1
	1154.2 (11.5)



	La Magdalena Contreras
	212.9
	24.3
	23.2
	47.4
	1.0
	261.4 (2.6)



	Miguel Hidalgo
	972.7
	160.1
	140.2
	300.3
	5.6
	1278.6 (12.7)



	Tláhuac
	71.2
	17.2
	108.4
	125.6
	7.8
	204.6 (2.0)



	Tlalpan
	864.6
	56.9
	147.3
	204.2
	11.2
	1080.0 (10.7)



	Venustiano Carranza
	202.2
	97.7
	256.0
	353.8
	15.8
	571.8 (7.7)



	Xochimilco
	232.6
	95.9
	68.1
	164.0
	6.0
	402.6 (4.0)



	Total
	6700.3
	1250.7
	1850
	3100.7
	256.4
	10,057.4 (100.0)
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Table 4. Estimated canopy cover in 15 Mexico City boroughs.
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	Borough
	Urban Land (ha)
	Tree (ha)
	Canopy Cover (%)





	Álvaro Obregón
	6207
	944.8
	15.2



	Azcapotzalco
	3350
	291.2
	8.7



	Benito Juárez
	2668
	218.3
	8.1



	Coyoacán
	5388
	889.7
	16.5



	Cuajimalpa
	1717
	169.1
	9.8



	Cuauhtémoc
	3250
	300.2
	9.2



	Gustavo A. Madero
	7833
	673.5
	8.6



	Iztacalco
	2308
	141.6
	6.1



	Iztapalapa
	10,740
	515.5
	4.8



	La Magdalena Contreras
	1519
	212.9
	14.0



	Miguel Hidalgo
	4636
	972.7
	21.0



	Tláhuac
	2252
	71.2
	3.2



	Tlalpan
	5081
	864.6
	17.0



	Venustiano Carranza
	3383
	202.2
	6.0



	Xochimilco
	2723
	232.6
	8.5



	Total
	63,055
	6700.3
	



	Mean
	
	
	10.6
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Table 5. Green area surface vs. impervious surface (grey surface) in Mexico City’s boroughs.
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	Borough
	Total Green Area Surface (%)
	Impervious Surface (%)





	Álvaro Obregón
	22.4
	77.6



	Azcapotzalco
	11.7
	88.3



	Benito Juárez
	8.7
	91.3



	Coyoacán
	21.0
	79.0



	Cuajimalpa
	17.9
	82.1



	Cuauhtémoc
	11.2
	88.8



	Gustavo A. Madero
	13.4
	86.6



	Iztacalco
	10.4
	89.6



	Iztapalapa
	10.7
	89.3



	La Magdalena Contreras
	17.2
	82.8



	Miguel Hidalgo
	27.6
	72.4



	Tláhuac
	9.1
	90.9



	Tlalpan
	21.3
	78.7



	Venustiano Carranza
	16.9
	83.1



	Xochimilco
	14.8
	85.2
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Table 6. Percentages of canopy cover in Mexico City.
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	Borough
	Tree Canopy Cover (%)
	Potential Tree Canopy Cover (%)
	Technical Potential (%)
	Market Potential (%)





	Álvaro Obregón
	15.2
	7.2
	22.4
	7.0



	Azcapotzalco
	8.7
	3.0
	11.7
	2.6



	Benito Juárez
	8.2
	0.5
	8.7
	0.48



	Coyoacán
	16.5
	4.5
	21.0
	3.8



	Cuajimalpa
	9.8
	8.0
	17.9
	8.0



	Cuauhtémoc
	9.2
	1.9
	11.2
	1.9



	Gustavo A. Madero
	8.6
	4.8
	13.4
	4.1



	Iztacalco
	6.1
	4.2
	10.4
	3.6



	Iztapalapa
	4.8
	5.9
	10.7
	5.3



	La Magdalena Contreras
	14.0
	3.2
	17.2
	3.1



	Miguel Hidalgo
	21.0
	6.6
	27.6
	6.5



	Tláhuac
	3.2
	5.9
	9.1
	5.6



	Tlalpan
	17.0
	4.2
	21.3
	4.0



	Venustiano Carranza
	6.0
	10.9
	16.9
	10.5



	Xochimilco
	8.5
	6.2
	14.8
	6.0
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Table 7. Confusion matrix for the land cover classification of Mexico City.
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	Classes
	Tree
	Grass
	Bare Soil
	Impervious
	Total
	User Accuracy (%)
	Commission Error (%)





	Tree
	562
	0
	0
	4
	566
	99
	1



	Grass
	3
	542
	3
	5
	553
	98
	2



	Bare soil
	1
	1
	467
	9
	478
	98
	2



	Impervious
	44
	37
	70
	582
	733
	79
	21



	Total
	610
	580
	540
	600
	2330
	
	



	Producer accuracy (%)
	92
	93
	86
	97
	
	
	



	Commission error (%)
	8
	7
	14
	3
	
	
	



	Overall accuracy (%)
	92.4
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