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Abstract

The spatial monitoring of the urban expansion and related population growth is useful for urban planning assessment of cities in the
Global South. Although market driven public programs for peri-urban low-income housing in Mexico have received much attention
over the past twenty-five years, a spatially explicit database of the consequent urban footprint together with the population census
information is not publicly available online. In this research, we build a geoscientific data collection consisting of three layers: a)
the built-up surface in 2000 and 2010 of the 10 major metropolitan areas of the Mexico Central Altiplano Region; b) the built-up
surface in 2000 for 14 other metropolitan zones of the Mexican Urban System; c) the 2000-2010 land consumption index at county
(“municipio”) level in the Mexico Central Altiplano Region. The Urban Footprint of Mexico is the first online national cartographic
repository incorporating built-up and demographic expansion.

Keywords: Urban sprawl; impervious surface; population density; land consumption rate; Mexico megalopolis; National Urban
System; Landsat imagery

Resumen

El monitoreo espacial de la expansién urbana y del crecimiento poblacional asociado es ttil para la evaluacion de los planes urba-
nos de las (mega) ciudades en el Sur Global. A pesar del auge de los programas periurbanos de viviendas de interés social desde
hace veinticinco afos en México, no hay informacién espacialmente explicita disponible para el publico sobre la huella urbana
asociada. Presentamos una coleccion de datos geocientificos que incluye: a) una capa de espacio construido en 2000 y 2010 en las
10 zonas metropolitanas mas importantes de la Corona Regional Centro; b) una capa de espacio construido en 2000 en 14 otras
zonas metropolitanas prominentes del pais fuera de la Corona Regional Centro; ¢) un indice de consumo de tierras para expansion
urbana a nivel municipal en la Corona Regional Centro. La Huella Urbana de México es el primer repositorio cartografico nacional
en linea incorporando la expansién demogréfica y del espacio construido.
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1. Introduction

Urban population growth and the migration of rural popu-
lations to urban environments in the Global South have been
major factors for the expansion of cities over the past century.
With the accumulation of real estate projects in central places of
megacities over the past 25 years, the increasing value of land
and redevelopment processes induced low-income inhabitants
to move to the periphery (King et al., 2017; Bredenoord et al.,
2014). At the same time, housing programmes have emerged
and aimed at relocating the low-income population in periph-
eral housing compounds, reshaping paradigms of city life for a
significant proportion of the urban citizenship (Buckley et al.,
2016; Janoschka and Salinas, 2017; Flores Rangel, 2019).

In this context, readily available and spatially explicit in-
formation on the peripheral expansion of cities and associated
population growth is deemed useful for quantitative urban plan-
ning assessments. In particular, an indicator of land consump-
tion of urban growth is suggested by UN-Habitat as a guide-
line for the Sustainable Development Goals (SDG) for 2030
(“Make cities inclusive, safe, resilient and sustainable”), and
compares the rate of land consumption (the rate at which urban
land use expands) with respect to population growth (SDG in-
dicator 11.3.1: UN-Habitat, 2019). This indicator is stated to
contribute to characterize the social and environmental impacts
of highly populated urban regions.

To comply with the calculations of the 11.3.1 indicator, a ro-
bust multi-temporal estimate of urban land use in the periphery
of cities is needed but not straightforward (Nicolau et al., 2019).
In Mexico, urban land use derived from official national car-
tography still largely relates to geostatistical units designed for
population census (INEGI, 2019), rather than impervious sur-
face or built-up area (Couturier et al., 2016). In fact, the demo-
graphic census data, although available on demand (SCINCE,
2019) or online (CONAPO, 2019), cannot be readily visualized
by the public together with other relevant layers of informa-
tion, such as the built-up growth, nor can it be readily visu-
alized as an evolution in time, because the geometry of these
data often varies over time. Other institutional efforts have led
to nationwide high resolution land cover maps that can be vi-
sualized online, however, these maps exhibit highly variable
and poorly documented accuracy for specific classes; for ex-
ample, it is specified on the Biodiversity National Commission
(CONABIO) website that for this reason, maps are still to be
utilized with much caution by users (e.g. CONABIO, 2019:
https://madmex.conabio.gob.mx/; Mas et al., 2016). On
the other hand, several online global platforms provide layers
on the distribution of human settlements, relating either to the
concept of built-up area or to the concept of impervious surface.
One of them, the Global Human Settlement Layer (GHSL) (Pe-
saresi et al., 2016) is a Landsat derived product, therefore en-
abling the comparison of urban land use over a time scale of
several decades. Although GHSL and the other global prod-
ucts are derived from robust methodologies, their level of ac-
curacy has been reported as geographically dependent (Sabo et

al., 2018). Estimates of urban land use were established in the
frame of regional scale studies in Mexico (Sudrez and Delgado,
2007; Torres-Vera et al., 2009; Couturier et al., 2011; Cano-
Salinas et al., 2017). Couturier et al. (2011) extracted the im-
pervious surface distribution and documented its accuracy for a
vast peri-urban environment including the Toluca metropolitan
zone within the Mexico Central Altiplano Region (MCAR).

Considering the above, the first objective of this study is
to establish the Urban Footprint of Mexico online platform,
an explicit geospatial data collection combining urban land use
and demographic data at “Area GeoEstadistica Basica” (AGEB:
neighbourhood) and municipio (county) levels. We argue that
such an explicit online platform is important for a better under-
standing and as support for an effective public debate on the
forms of expansion of the urban thread throughout the national
urban system of Mexico. The second objective of this study is
to measure the land consumption of urban growth and propose a
preliminary analysis of the impact of low-income housing pro-
grammes upon the efficiency of this land consumption. The
hypothesis we wish to test in this study is: “a higher number
of low-income housing estates means more effective urban land
use, i.e., less land consumption per capita”.

In line with these objectives, we first propose an online car-
tography of the impervious surface based on the mapping strat-
egy documented in Couturier et al. (2011), covering a repre-
sentative set of metropolitan zones of the Mexican National
Urban System (NUS) in the year 2000. Second, we calculate
the UN Land Consumption Index (UNLCI), standing for the
11.3.1 indicator (UN-Habitat, 2019). This calculation is done
at county level between 2000 and 2010, for the metropolitan
zones comprising 10 cities in the Mexico Central Altiplano Re-
gion (MCAR). Third, we analyze the frequency of the existing
low-income housing estates in 2010 in counties characterized
by low land consumption versus counties characterized by high
land consumption in the Mexico City Metropolitan Zone (the
majority of housing estates in MCAR was constructed in the
Mexico City Metropolitan Zone - MCMZ). We finally propose
a preliminary assessment of the impact of low-income housing
estates on the consumption of land.

2. Methods

2.1. Construction of the impervious surface layers

Taking advantage of the intensive remote sensing capacity
building in the Geospatial Analysis Laboratory (LAGE) of the
Geography Institute, UNAM, during previous regional urban
studies (e.g. Delgado Campos et al., 2014), the extraction of
impervious surface was based on the methodology described
in Couturier et al. (2011), which achieved 70.1% accuracy for
the built-up class in the low density peri-urban environment of
Toluca, a reasonably high accuracy with respect to other studies
(Couturier et al., 2016). Accordingly, a decision tree was devel-
oped, comprising four steps (see below). The rationale for such
a classification strategy is based on efficiently constraining the
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spectral dynamics for each urban setting in order to adapt to the
very high heterogeneity of the environmental context from city
to city in Mexico. This rationale is further detailed in Couturier
etal. (2011).

The impervious surface for years 2000 and 2010 was ex-
tracted in each of the 10 Metropolitan Zones of the MCAR :
Mexico City, Toluca (capital city of Mexico State), Tula (Mex-
ico State), Querétaro (capital city of Querétaro State), Pachuca
(capital city of Hidalgo State), Tulancingo (Hidalgo State), Pue-
bla (capital city of Puebla State), Tlaxcala (capital city of Tlax-
cala State), Cuernavaca (capital city of Morelos State), and Cuau-
tla (Morelos State).

The impervious surface was also extracted for year 2000 in
each of the 14 Metropolitan Zones of the following cities of the
NUS (in alphabetical order): Aguascalientes, Canctin, Guadala-
jara, Leon, Mexicali, Mérida, Monterrey, Moroleén-Uriangato,
Piedras Negras, Puerto Vallarta, Tijuana, Tuxtla Gutiérrez, Vil-
lahermosa, Zamora. The national set of metropolitan zones
(24 in total) considered in this study is about a third of the
74 most populated motropolitan zones in Mexico (CONAPO,
2018). This national set includes the 8 most populated cities
in the country, a representation of middle-sized cities in all
ecoregions of the country, and a representation of prominent
cities in the Southeastern biodiverse ecoregions otherwise sub-
represented because less populated.

A set of ETM+ Landsat images was acquired for the dry
period of years 2000 and 2010, which covered the set of 10
Metropolitan Zones in the Mexico Central Altiplano Region
(MCAR). Likewise, a coverage of ETM+ Landsat images was
acquired for the dry period of the year 2000 for 16 other cities
of the NUS, including the 14 major cities mentioned above, out-
side of the MCAR. All images were geo-referenced, with less
than 1 pixel RMS interpolation error, to the 1:50,000 INEGI to-
pographic maps (INEGI, 2020) using a polynomial interpolator
and were radiometrically converted to sensor reflectance values
using the standard irradiance calibration parameters. Both the
original Landsat bands (all except thermal and panchromatic
bands) and the three first components of the Tasseled Cap trans-
formed (Crist & Cicone, 1984) image were used in the classifi-
cation approach which comprised the four following steps:

1. Stratification of the area into a high population density
zone (HDZ) and a low population density zone (LDZ)
according to regional scale (1:250,000) land cover car-
tography (INEGI, 2017);

2. Application of the ISODATA classifier to each zone, us-
ing a variable interval of clusters (within the interval 15
- 80), depending on the heterogeneity of the land cover
context;

3. Visual labeling of unambiguous and ambiguous clusters;

4. Application of the Maximum Likelihood (ML) supervised
algorithm to the Tasseled Cap Transform (TCT) image
for ambiguous clusters.

The classified binary (impervious — non impervious) raster
images were finally incorporated into a single raster layer in the
online platform.

2.2. Construction of the population density layers

Population numbers at "Area Geoestadistica Basica" (AGEB)
level (later referred to as “neighbourhood level”) were down-
loaded from two official census sources for all urban localities
in the Mexican territory:

e The INEGI Census Browser System (SCINCE, 2019) for
year 2010;

e The Margination index layer 2000 (accessible online: CO-
NAPO, 2019) for years 2000, 2005 and 2010.

Gross population density (inhab/ha) was then calculated at
neighbourhood level using the CONAPO layer for the year 2000
and the INEGI layer for the year 2010.

2.3. Construction of the index on land consumption of urban
growth

Based on the variables from previous sections aggregated
at county level, we calculated the Ratio of Land Consumption
Rate to Population Growth Rate or UNLCI:

(Land Consumption Rate)
(Population Growth Rate)

UNLCI = (1)

With:

Impervious Surface 2010
Impervious Surface 2000
10

Population Number 2010
Population Number 2000
10

(@)

Land Consumption Rate =

Population Growth Rate = 3)

Next, a thorough identification of low-income housing es-
tates in MCMZ was carried out for 2010, based on an official
list of housing estate projects approved in 2000 - 2010 (Gob-
ierno del Estado de México, 2019). The validation and georef-
erenciation of them in 2010 was then achieved via GoogleMaps
and GoogleEarth. The frequency of these estates was registered
at county level. An analysis of UNLCI was finally conducted
for the MCMZ, which contained almost 75% of MCAR’s total
population in 2010.

3. Results

The Urban Footprint of Mexico online geoscientific data
collection consists of a Spatial Data Infrastructure (SDI) and
an interactive map, accessible at http://132.248.26.6//and
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Figure 1. Interactive map of the Urban Footprint of Mexico geoscientific data collection / Figura 1. Mapa interactivo de la coleccion de datos geocientificos
"Huella Urbana de México"

http://terradigitalis.igg.unam.mx/html/mapas/numero7/couturier
/mapa_interactivo/, respectively (see figure 1).

The SDI includes the following main features:

1. Impervious surface (30m resolution) of the 10 major met-
ropolitan zones in the Mexico Central Altiplano Region
(MCAR) for years 2000 and 2010 (with views to make
an update for year 2020).

2. Impervious surface (30m resolution) of the metropolitan
zones of 14 cities outside MCAR in the National Urban
System (NUS) for year 2000.

3. Population density at neighbourhood (AGEB) level for
the urban localities of the entire Mexican territory (2000
and 2010).

4. Land consumption rate (UNLCI) of urban growth at coun-
ty level in the MCAR for the 2000 - 2010 period.

The GHSL at 30m resolution (2000 and 2014) is also in-
cluded in the SDI for comparison purposes. Our impervious
surface distribution for the Metropolitan Zones of the NUS had
much similarity with the distribution shown in the GHSL; how-
ever, our representation tends to include more dispersed settle-
ments than GHSL in the near periphery of metropolitan zones,
although it also tends to underrepresent impervious surface in

the far periphery. Further, the direct comparison of impervi-
ous surface layers is possible on our online platform, as well as
the selection or editing of an impervious surface layer for the
improvement of the derived indices.

In principle, the demographic census data are freely dis-
tributed by INEGI, the institution in charge of the census, upon
demand. However, many difficulties arose in the process of
building a consistent GIS database from the delivered data, in-
cluding abundant redundancy of features, topological errors, in-
terstate projection inconsistencies, and missing data. The CO-
NAPO data was affected by systematic geometric inaccuracies
of the geostatistical spatial framework from year to year. In this
sense, the Urban Footprint of Mexico offers the first consistent
online spatial platform for demographic studies in Mexico, oth-
erwise not readily available.

Derived from our spatial analysis, the evolution 2000 — 2010
of land consumption and population growth is reported at county
level over the MCAR (see table 1).

To reflect the simultaneous tendencies of built-up increase
versus population increase, the UN Land Consumption Index
(UNLCI) is shown at county level. An analysis of the UNLCI
distribution according to the frequency of existing low-income
housing estates in 2010 is also shown (see table 2).

Negative values of UNLCI are reported in 9 mostly central
counties. A decrease in population occurred in these counties,
generally as a result of a displacement of population to other
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Table 1: Land consumption rate and population growth in the metropolitan zones of the Mexico Central Altiplano Region (MCAR). Population numbers are

according to the national demographic census 2000 and 2010. The impervious surface is according to our Urban Footprint of Mexico layers and derived from

Landsat imagery using the classification methodology in Couturier et al. (2011) / Tabla 1. Tasa de consumo de tierras y crecimiento poblacional en las zonas
metropolitanas de la Corona Regional Centro. Los nimeros de habitantes son acorde con el censo demogréfico nacional en 2000 y 2010. El espacio construido es
acorde con nuestras capas de superficie construida en la Huella Urbana de México, y derivado de las imdgenes Landsat utilizando la metodologia en Couturier et

al. (2011).
City of the MCAR Population numbers Impervious surface (ha)
2000 2010 % growth 2000 2010 growth

Cuautla 298,700 337,900 13.1 2,620 7,320 178.9
Cuernavaca 699,000 835,900 19.6 6,040 15,240 1524
Pachuca 307,700 438,400 424 4,590 9,960 116.8
Puebla 2,165,200 2,591,800 19.7 18,890 28,480 50.8
Querétaro 688,500 920,300 33.7 9,330 19,320 107.1
Tlaxcala 354,600 439,800 24.0 2,450 5,210 112.6
Toluca 1,237,600 1,536,100 24.1 10,800 17,510 62.2
Tula 124,500 154,700 243 2,420 5,540 129.2
Tulancingo 145,000 181,400 25.1 1,920 2,760 43.6
Mexico City 18,016,600 19,546,000 8.5 122,890 160,880 30.9
TOTAL MCAR 24,037,400 26,982,200 12.2 181,950 272,220 49.6

less central counties, with more affordable settlement condi-
tions, between 2000 and 2010.

Values of UNLCI between 0 and 1 (which means low land
consumption, i.e. high efficiency of urban land use) are reported
in 13 counties, mostly in the near periphery of the metropolitan
area and usually with a sharp population increase between 2000
and 2010 (among the highest in MCAR). Four of these coun-
ties (Chicoloapan, Huixquilucan, Naucalpan de Judrez, and Ix-
tapaluca, about a third of the total) correspond to a high number
of low-income housing estates built in 2010 (5 compounds or
more, see table 2).

By contrast, values above 5 (very low efficiency of urban
use) are reported in 15 municipios. A majority is situated in the
far periphery (this tendency also holds for the rest of MCAR);
these municipios are usually characterized by a relatively low
population increase, and much self-construction, related to pop-
ular urbanization. Only 3 municipios (Ecatepec de Morelos,
Texcoco and Tultepec, a fifth of the total), have received a high
number of low-income housing estates (5 compounds or more).

The above calculation of the county’s proportions in cate-
gories of land consumption [0 — 1] versus [> 5] suggests that
the hypothesis “a higher number of projects means more effec-
tive urban land use, i.e., less land consumption per capita” is
confirmed as true.

4. Discussion and conclusion

We present the Urban Footprint of Mexico online carto-
graphic platform (http://132.248.26.6/), the first “home
made” spatially explicit geoscientific data collection combin-
ing urban land use and demographic data for the National Ur-
ban System in Mexico. This data collection includes a 2000
baseline cartography, ready to use and share for built-up and
population density monitoring in a good sample of metropoli-
tan zones of the NUS. It also makes available the 2000 — 2010

evolution of both spatial variables in MCAR, which enables
to visually identify hotspots of urbanization in the periphery
of cities in the Altiplano central region. When new data be-
comes available, these tendencies may be updated in future
years. The online interactive map of the geospatial data col-
lection allows a direct visualization of density hotspots (see
http://terradigitalis.igg.unam.mx/html/mapas/numero7/couturier
/mapa_interactivo/). Considering the substantial spatial short-
comings of the original census digital data distributed by IN-
EGI and CONAPO for a readily available consistent spatial
database, the Urban Footprint of Mexico offers the first consis-
tent online spatial platform for demographic studies in Mexico
for public use.

As a first demonstration of this geospatial data collection,
we performed a study on urban land consumption using UNLCI
(the Land Consumption Index promoted by the UN). From the
land consumption perspective, the proportion of counties with
many low-income housing estates was found to be higher in the
upper efficiency segment of the metropolis (one third) than in
the lower efficiency segment of the metropolis (one fifth). It
seems, therefore, that low-income housing estate programmes
are diminishing land consumption per capita in the Mexico Cen-
tral Altiplano Region. In terms of SDG 11 (“Make cities inclu-
sive, safe, resilient and sustainable”), UNLCI partially relates
to aspect of urban environmental sustainability.

However, for other aspects of SDG 11, such as inclusive-
ness, safety, environmental safety, and resiliency, the low-in-
come housing programmes have long been questioned because
of numerous cases of poor enforcement of the services adver-
tised by the private estate companies. For example, access to
norm-quality water, educational and recreational services fall
short in many cases reported in the MCMZ. Additionally, peri-
urban settings environmentally damaged by vast waste disposal
sites and communication infrastructures have been reported as
making housing in many sites highly unsafe. Also, little evi-
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dence of citizen participation is seen in the development process
of the housing programmes, as well as in the housing condition
monitoring process afterwards (Boudreau et al., 2016; Buckley
et al., 2016). One should note that none of these latter aspects
are reflected in the UNLCI analysis and these must be stud-
ied separately for a full assessment of SDG 11 in the Mexico
MCAR.

In view of the above, the presented impact assessment of
low-income housing estates is a preliminary result. A compre-
hensive database on the expected population per housing com-
pound in MCMZ (from the companies’ websites) is being built,
on the basis of a previously built geodatabase (GeoComunes,
2020) to complement and refine the present analysis and relate
possible factors of success or failure of these projects in terms
of the actual numbers of inhabitants. Additionally, a probabilis-
tic accuracy assessment of the impervious surface extraction
and quantitative comparison with global urban area products
are some of the next steps of this research.

As a result of everyday struggles for a decent urban liveli-
hood in the megalopolis, the Mexican citizenship has main-
tained a critical voice on prominent issues related to mega-
infrastructures, popular (informal) urbanization and the emer-
gence of extended housing compounds derived from market-
driven public housing programmes. In this sense, the Urban
Footprint of Mexico online platform, with its readily available
visualization and capacity to gradually embrace new quantita-
tive data on those topics, could contribute to the UN Sustainable
Development Goals 11 ("Make cities inclusive, safe, resilient
and sustainable") in a far greater way than the application on
land consumption presented in this study. The presented base-

line dataset, once updated to 2020 with the upcoming INEGI
census, should be useful for a spatially explicit analysis of var-
ious forms of urbanization and a 2000 — 2020 urban planning
assessment. Our ambition is that the Urban Footprint of Mex-
ico online platform will contribute to the scientific support and
transparency for the public debate on desirable forms of urban-
ization, urban livelihoods and well-being in Mexico.

5. Spatial Data Infrastructure and Interactive Map charac-
teristics

The Urban Footprint of Mexico geoscientific data collection
gathers data developed in this research based on remote sensing
systems, with geostatistical data from official national sources,
after several geoprocessing steps for debugging and standard-
ization. We argue that the common geodemographic thread
that characterizes the displayed data is pertinent to many appli-
cations of urban studies including urban expansion monitoring,
not readily available previously. This geospatial dataset is made
available to the public in an open access manner with this pub-
lication, through an “attribution-creative commons-share alike”
(A, CC, Sa 4.0) license.

Our Spatial Data Infrastructure supports the collaborative
management of the content, such as metadata, layers and maps,
available under the OGC (Open Geospatial Consortium) inter-
operability specifications. Typically, users can connect to the
layers and maps of our collection and use them via WMS ser-
vices (Web Map Services) on their desktop GIS system (e.g.
QGIS or ArcMap).

The Urban Footprint of Mexico online platform is conceived

Table 2:UN Land Consumption Index (UNLCI) distribution in the counties (Municipios) of the Mexico City Metropolitan Zone (MCMZ). The calculations in this
table are derived from the UNLCI layer available in the Urban Footprint of Mexico interactive map published with this article. * A number superior to the mean
frequency of housing estates built in 2010 per county (Municipio) (2010 MFHE), was considered a high number of housing estates. The 2010 MFHE was
estimated as 4.91 for MCMZ / Tabla 2. Distribucién del indice de consumo de tierras de la ONU (ICT_ONU) por municipio de la Zona Metropolitana de la Ciudad
de México (ZMCM). Los célculos presentados en esta tabla son derivados de la capa UNLCI disponible en el mapa interactivo Huella Urbana de México publicada
con este articulo. *Un ndmero superior a la frecuencia promedia de conjuntos habitacionales de interés social construidos en 2010 por municipio (FPCH 2010), fue
considerado un nimero alto de conjuntos habitacionales. E1 FPCH 2010 fue estimado en 4.91 para la ZMCM.

UNLCI value in- Number of MCMZ coun-

Number of counties (Mu-

Number of counties (Mu- Name of counties (Municipios) with

tervals ties (Municipios) within  nicipios) with presence of nicipios) with high num-  high number of housing estates
the Interval housing estates ber of housing estates*

Negative 9 3 0

0-1 13 8 4 Chicoloapan (26), Huixquilucan (8),
Naucalpan de Judrez (7), Ixtapaluca (5)

1-5 38 15 12 Tecamac (73), Tultitlan (32), Huehue-
toca (31), Zumpango (23), Cuautitldn
(23), Coacalco de Berriozdbal (21),
Chalco (18), Tizayuca (15), Cuautitldn
Izcalli (11), Nicolds Romero (10), Ati-
zapan de Zaragoza (6), Tepotzotlan (5)

>5 15 3 3 Ecatepec de Morelos (15), Texcoco
(10), Tultepec (8)

Total 75 29 19
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as a dynamic spatial database on demography and urban use;
gradual updating of the displayed layers is expected to enrich
the scientific value of the geospatial database. The interactive
map which accompanies the platform, implements an attractive
visualization of major demographic and urban use variables,
and was developed adapting open source mapbox-gl libraries.

6. Data

The online Urban Footprint of Mexico geoscientific data
collection includes the following main features:

1. An impervious surface (30m resolution) raster layer for
the 10 major metropolitan zones in the MCAR, for year
2000 and 2010.

2. An impervious surface (30m resolution) raster layer for
the metropolitan zones of 14 cities in the NUS of Mexico
outside MCAR, for year 2000.

3. A population density at AGEB (urban neighbourhood)
level, vector layer for the urban localities of the entire
Mexican territory for years 2000, 2005 and 2010.

4. A vector layer at Municipio (county) level containing an
estimate of the land consumption of urban growth in the
MCAR for the 2000 - 2010 period.

5. The Global Human Settlement Layer (GHSL) (raster layer)
at 30m resolution (2000, 2014) in all Metropolitan Zones
of the NUS.
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