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Abstract: By 2050, 90% of the population in Latin America will live in cities, but there is

a lack of upto-date spatial information about the urban extent and patterns of urbanization
in cities of this region. In this study, we analyzed population growth, urbasitylemd
urbanization dynamics between 1992 and 2009 in the major cities of Bolivia, Colombia,
Ecuador and Parusing Google Earth and DMSP/OLS nigime lightsimagery We used
Google Earth to map the urban extent, and time series of-tmghtlights toanalyze
spatial patterns of urban development. The dominant urban development patterns were:
high-density compact in Bogat Cali, Guayaquil, and Medétl; high-density expansive
growth in La Paz/El Alto; lowdensity expansive in Quito and Santa Cruz; amdix of
high-dersity compact and suburban growthLima. Urban growth occurred largely along

the periphery of cities, influenced bthe local landscape and kyemographic and
socioeconomic factorsuch as immigratioand housing pricedJrban density irColombia
(>20,000 per/kif) wasamong the highest in the world. Future growth in the region will
probably be characterized by densification and slow urban expansion. This study also
validates the utility of Google Earth and nigime lights for monitoringurbanization.

Keywords: DMSP/OLS nighitime lights Google Earth population change; urban
development; urban density; Bolivia; ColombiEuadoy Perd
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1. Introduction

Cities occupy a relatively small fraction of the Earth's land area, but serve as habitats for more than
half of the human race. In 2011, the global population reached ~7 billion, and more than 3.5 billion
lived in urban area$l]. The global urban population is expected to reach ~6.3 billion by 2050,
meaning that-70% of the global population will live in cities by the middle of this cenf2jyOver
the last 150 years, urbanization, or the concentration of people in cities, has been the phenomenon th:
hasmost radically transformedsiety. Britain became the first urban society in the early 1900s, when
only ~5.5% of the global populatidived in cities of more than 100,000 inhabitaj8s Today, more
people live in cities because they are the main providers of employment, housing, education, and
health care, and they aatso major centers of culture, innovation, and economic ac{#jtyCities
have undoubtedly become the engine of the global economy, generating betweand®®% of the
global GDPF[5,6].

Despite these positive aspects of cities, their rapid groveh ihtensified the demand and
competition for resourcegg.g, land, water, energygricultural products often at high environmental
and social costg7]. Climate change, loss of prime agricultural land, air and water pollution,
overcrowding, crime, traffic congestion, poverty, and social exclusion are often associated with
urbanization8,9]. For insance, ~75% of the global energy consumption and ~80% of the greenhouse
gas emissions occur in citigsl]. Furthermore, wealth in cities is unequally distributed, -aB@%o of
the total urban population (~1 billion) lives in slums or poor informal settlements lacking basic
serviceg[11]. Informal settlements are often the result of rapid and uncontrolled urbanization due to
immigration, the incapacity of public and private institutions to provide-ifm@me housing, and
inappropriatdand administration and plannin@2,13] Informal settlements wikcontinue to grow to
accommodate population growth because they constitute an important source of urban housing in low
and middleincome countriefl4].

The challenges of urbanization are becoming more compler seuent population growth and
urban expansion has concentrated in low (S2®O00GNI per capita) and middle S $12,500GNI
per capitq income countrie§4,15]. Between 1995 and 2005, ~160,000 people moved into cities each
day in Africa, Asia and Latin Americ®]. Moreover, by 2050;95% of urban expansion is expected
to take place in low and middlacome countrie$ll]. Thus, more attention should be given to the
study of urbanization dynamics in these regions, particularly in Latin America where ~90% of the
population will live in cities by 205016]. Despite being the mosthanized region in the developing
world [2], there is a lack of u-date spatial information on theban extent of cities and patterns of
urbanization in Latin Americ§l7,18] Developing accurate maps and spatial information of urban
areas will help us better understand how population graitifluencing the patterns of urbanization.
Spatial information is crucial to understand how population dynamics are shaping the structure and
characteristics of cities, including population density, urban land uses, and land consumption.

The main goal othis study was to collect spatial information and describe urbanization dynamics
between 1992 and 2009 in the major cities of Bolivia (Santa Cruz and La Paz/El Alto), Colombia
(Bogoti, Cali, and Medeih), Ecuador (Guayaquil and Quito) and tP@rima) usirg remote sensing
and geographic information systems (GIS). Specifically, we used-tmghtlights imagery derived
from the Defense Meteorological Satellite Programs Operation Linescan System {OMJRis a
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spatial indicator of urban development, and Gedgarth images as a source ahdcover dataFor

each city, we: (1) mapped the extent of the urban area using Google Earth, (2) estimated the urbatr
population density for 2007/2009, (3) calculated the annual urban population growth rate between
1992 and2009, and (4) identified the major trends in urban development based on changes in the
intensity and distribution of nigtitme lights between 1992 and 2009. We also compared the level and
rate of urbanization among cities, discussed possible factorsnghapan development in this region,

and validated the utility of Google Earth and nighte lights for monitoring urbanization dynamics.

2. StudyArea
2.1 Andean Regiah Bolivia, Colombia, Ecuador, and Rer

In 2009, the total population in the region was ~98 million, and ~74% lived in urban[h®¢as
Colombia is the most populated country with ~44.4 million inhabitants, feliowy Peil with
~29.1million, Ecuador with ~14.3 million, and Bolivia with ~10.3 millidd9]. Perdis the most
urbanized with ~77% of the population living in cities, faled by Colombia (~75%), Bolivia (~69%),
and Ecuador (~65%). Between 1992 and 2009, ~88% of the total population growth in this region
occurred in urban areas (from 47.4 million to 71.9 milli@®)]. In 2010,Colombia had the highest GDP
per capita with $6,225, followed by Peri($5,400), Ecuador ($4,000) and Bolivia ($11#80)or the
analyses, we selected the eight largest and most populated citieseigitingn 1992 (Figure 1).

2.2. City Profiles
2.2.1 Bogot, Cali, and Medeih (Colombig

Bogot, the capital of Colombia, is located on a high plateau at ~2,600 m in the Sabana @& Bogot
an old sedimentary basin in the center of the co@tt} The city is limited by the Andes to the east
and by the Bogd@tRiver to the west (Figre 1). Cali (Santiago de Cali) is the capital of the Cauca
Department, one of the most important agricultural regj@@g The city is located in a vast tract of
alluvial soil at ~1,000 m and is limited to the west by the Andes, and bordered on the &asHoy t
Cauca (Figure 1). Medéh is the capital of the Antioquia Department and is the principal
manufacturing and industrial area (etgxtile production) in Colombif23]. The city is located within
the Aburra Valley at an altitude of ;500 m.

2.2.2. Quito and Guayaqu{Ecuadoy

Qui t o, the capital of Ecuador, i s | oxnartheard i n
highlands. The city is located at an altitude of ~2,850 m on the eastern slopes of the Guagua Pichinch:
volcano[24] (Figure 1). Guayaquil is the capital of the Guayas Province, along the southwestern coast
of Ecuador. The city is located in a delta, bordered todksel®y the Guayas River and to the south by
the Estero River, mangrove forests, and shrimp fa2®s( Fi gur e 1) . 't i s the
and main center for business and manufacturing industries.
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Figure 1. Map of the Andean regiom South America and location of the eight cities
studied Includes the city polygons.¢., urbanarea), delimited using images from Google

Earth between 200&nd2009.
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2.2.3 Lima (Pen)

Lima is the capital and largest city of Bembout ten times larger than Arequipa, the codstry
second city[26]. Lima is located in a coastal desert along the Pacific coast, on the banks of the
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Chillon, Rimac, and Lun rivers at an altitude of ~160 m (Figure Lt)is the fifth largest city in Latin
America, and one of the main financial cen{eg.

2.2.4. La Paz/El Altoand Santa Crude la SierrgBolivia)

Theconur bation of La Paz/ElI Alto is the&azwher | d¢
administrative capital of Boliviai.e., seat of government), is located in a steep, enclosed basin of the
eastern Bolivian Andes, along La Paz Ril&f]. El Alto is a satellite city located on flat terraibcae
La Paz at an altitude of ~4,150 m on the Altiplano, a high plateau to the west of [2¥R&zgure 1).

Santa Cruz de I&ierra is the capital of the department of Santa Cruz, and it is located in the central
lowlands of Bolivia at an altitude of ~416 m. It is bordered by thei Ringer to the west, and by
agricultural plains to the north, east, and south (Figure 1). Eaatais a major service hub for the oil

and natural gas industry and the agricultural s¢2&jr

3. Data and Methods
3.1. Demographidata

Urban population data at the municipality level wasaoted from national censuses \@rious
years: Bolivia in 1992 and 201(Q29], Colombia in 1993 and 201[30], Ecuador in 1990 and
2010[31], and Pai in 1993 and 200%32]. For each city, we estimated the urban population in 1992
and 2009, and calculated the annual pajpoih growth rate during the dyear study period.We
extrapolated the population data to 1992 and 2009 to match the dates of them@dight images
used for the analysis of urbanization dynanusig the folbwing equatios

0% =A xP1 (1)
r = In[(P2PL)/(Z t1) )

The extrapolations were calculated usingdkerage annual geatrnic growth rater(, the difference
in years between the actual ahé prediced year(t), and thepopulationcountfor the first reference
year(P1). For theannual geometric growth rate,(m is thenatural log,P1 andP2 are thepopulation
counts for the first and secomedference years, ard andt2 arethe first and second reference years
The annual population growth rate (APGR) was calculated using the following equation:

APGR = 100% ((PEndPEstar) ™1 1)
wherePEgr is the poplation in 1992 PE.qthe population in 2009, ardithe time span in years.

3.2. Using Google Earth forban Mappingandfor Collecting Land Cover Data

Google Earth is increasingly being used as an alternative remote sensing platform for studying and
mapping land use dynamics worldwifig3]. The high resolution imagery (subeter to 4m) from
commercial satellites (e,gQuickbird, IKONOS) available in Godg Earth serve as land cover
validation datg34]. Researchers are using these images for calibrating land cover data derived from
Landsat or MODIS satellite data to improve image classification acc{88¢35] For this study, we
used Quickbird high resolution imagery available in Google Earth (v. 6.1.0) to map the urban area of
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Bogot, Cali, Medelin, Guayaquil, La Paz/El Alto, Lima, Quito, and Santa Cruz (Figure 1). We used
the most recent Quickbird images that covered the entire urban area to build one polygon per city that
delimited the urban extent (Figure 1).

In this study, the measure of urband area, or urban extent, refers to the area of continuous urban
development, defined as the inner city plus continuous-bpiknvirons regardless of administrative
boundaries. Therefore, the city polygons included a mix of urban land uses résigential,
commercial, industrial, and recreational) and different types and intensities of urban development (e.g.
urban core, suburban, scattered) within thedeitpndscape. To ensure a consistent data collection
process we established a set of mappinigeajines to determine the boundary of the urban area. The
city polygons include the main builfp area of the city plus any contiguous urban landAsg .urban
land use, which occurred less than 1 km from the continuousupudirea was also included time
polygon (Figure 1). The total area of the polygon is reported as the urban area of each city, which was
used to calculate the average urban population density in 2007/2009. Finally, the polygons in kml
format(i.e., Google Earth formatjere uploadednto ArcGIS [28] and used as the base maps for the
spatial analyses of nighti me | i ghts (NTL). Our measure of ur
aggl omerationd used by the United Nati ¢1f8]ls t o
Accordingly, we used the UN urban population density estinfa®@sto compare our estimates of
urbandensites with urban densities in other Latin American cities and major cities around the world

3.3. DMSP/OLS NighTimeSatellite Data

Night-time lights (NTL) imagery derived from the Defense Meteorological Satellite Programs
Operation Linescarbystem (DMSPFOLS) is available from the National Oceanic and Atmospheric
Administration (NOAA) (http://www.ngdc.noaa.gov/dmsp/download.htmlEach image is a
composition of cloudree scenes from the DMSPLS satellite that orbits the earth at an altitodle
830 km, providing global coverage twice per §ia§]. For this study, we used stable nigime lights
time images (1992009), which only contain permanent light sources from cities, towns, and other
continuous sowes of light (e.g.gas flares or mining and oil exploration siteBlese images have a
resolution of approximately 1 km1 k m, and each pNumberl([EN}) represéntse (
light intensity, ranging from DN O (no lights) to DN 63 (brighteghts). Since the 1980s, niglirine
lights data have been effectively used to detect human presence and activities at global and regiona
scales[37i41]. These data have served to monitor and estimate energy consufB8pti®n42,43]
economic activity[42,44 46], population density39,47,48] and most recently to develop a human
development indefd9]. Time series of NTL have also been successfully applied to analyze the trends
of urban expansion and urban dynamics at different spatial s@algs national, regional, and
global)[41,50 52]. The countries in the present study have high urban electrification rates since the
1990s, justifying the use of NTL data to nitor urbanization dynamics in this region. By 1990, all
countries had over 90% urban electrification rates and by 2009 the percentage increase®3p. 99%
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NTL Image ClassificatiomandThreshold Analys

The first step of the analysis of nigiime lights was to establish a correlation between the DN
values of the NTL images and different intensities of urban development (Figure 2). The NTL image
classification and thresholding analysis used is describddtail in AlvarezBerrioset al.[20], andis
summarized below. We first definddur types of urban landse classes using indices of urban
compactness followingGalster et al. [54]: no-development, scattered development, suburban
developmentand compact development We t hen wused Google Eartho
images(circa 20002009), to find and delineate/6 sample polygons representitige four urban
land-use types across the four countiaesl in different yearsNe imported the sample polygorken(
formad into a shapie format using GlSand superimposed each polygon with the corresponding
NTL image to record the minimum and maximum DN values of NTL within each polygon.

We usal a multivariate analysis of variance to examihe range of DN values assated with each
land-use class, and found that there were significant differences in the minimum and maximum DN
values of NTL for each of the four lanu$e classes (ANOVA: minimurh = 138.30,p < 0.001;
maximum f = 135.58,p < 0.001). The range of DN valsiefor each class was: (1) DN'®
no-development; (2) DN 5i 20, scattered; (3) DN 20i 52, suburban; (4) DN $2i 63, compact
(Figure 2). We further subdivided the last class into compact development @2N\66) and central
core (DN >60i 63), to distinguish the city center.¢., most dense urban area) from other urban land
classeqFigure 2) These two categories were statistically different (M@ftitney U-test: minimum
u=8,p = 0.02; maximunu = 1.5,p = 0.003). The central co®ass was established after analyzing
the distribution of DN values within the city polygons, which showedahlahe city centeshad DN
values over 60These ranges were used to classify the NTL images for 1992 and 2009 into five light
fi Nt e n ssses, gsta proxy af each lamse type (Figure 2). Finally, we mapped the distribution of
the NTL classes in 1992 and in 2009 within the city polygons, and quantified the changes in area of
each NTL class from 1992 to 2009 to determine the dominant matkunban development per city.

Figure 2. Google Earth images showisgmpleof the differen landuse classeand their
correspondingright-time lights Digital Value (DN) rangesSites:Lima, Peti and Santa
Cruz, Bolivia

no-development scattered suburban compact central core
(DN 0-5) (DN >5-20) (DN >20-52) (DN >52-60) (DN >60-63)



Land2013 2 44

4. Results
4.1. PopulationDynamicdrom 19920 2009 andJrban Extenbf theMajor Cities inthe AndeariRegion

The eight cities varied in populatiorzsiand growth (Table)lin 1992, the total population of the
eight cities was approximately 20 million people. Lima (~6 millianyi Bogoé (~5 million) were the
most populated, while Santa Cruz (~710,000) was the least populated (Table 1). By 2009, the
population increased to over 30 million people. The populations of Bagot Lima grew by 2.5 and
2.3 million respectively, but akelatively low rates compared to the rest of the cities (TApl&anta
Cruz doubled its population, becoming the fastest growing city in the region with an annual growth
rate of 4.8%, twice the rate of all the other cities (Table 1). Overall, populgttnih rates were
higher in cities with smaller populations in 1992, such as Guayaquil (2.8%), Quito (2.7%) and La
Paz/El Alto (2.6%). Although all cities experienced population growth, they varied greatly in terms of
urban extent, population density, aadministrative divisions. In 2002009, the extent of the urban
built up area ranged from ~132 kin Cali to ~760 krin Lima (Table 1). The population densities of
the two largest cites, Lima (>11,100 peoplef/kmand Bogah (>20,900 people/kf), varied
considerably. Bogdétwas twice as densas Lima because it haal similar population size, but its
built-up area (~364 kf was approximately half of Lima (~760 kmMedelin was the most densely
populated (>21,000 people/Rm followed by Bogod and Cali(Table 1). Guayaquil also had a
relatively high poplation density (>13,000 peopken’), and Quito had the lowest (>6,500
people/kn). La Paz/El Alto (>9,000 petggkm?) and Santa Cruz (>7,000 peoplefiim Bolivia also
had low population densities. Tieimber of administrative divisions included in the city polygons
also varied; Lima had 38 municipalities, while Santa Cruz had only one (Table 1).

Table 1.Population change from 1992 to 2009, density and urbamiest the eight major
cities in the Andearegion.

Annual Google Urban Number
Urban Urban ) Urban ,
) _ . Population Earth Population of
Country City Population Population ea _ .
. , Growth Rate  Image Density Munici -
in 1992 in 2009 i (extent) ) .
1992 2009 Year (per/km?) palities
Bolivia  LaPaz/El Alto 1,189,000 1,847,000 2.6 2009 200 knf 9,235 4
Santa Cruz 710,000 1,584,000 4.8 2009 221 knf 7,167 1
Colombia Bogot 5,030,000 7,609,000 25 2009 364 knf 20,904 2
Cali 1,976,000 2,664,000 1.8 2007 132 knf 20,182 2
Medellin 2,199,000 3,231,000 2.3 2008 151 knf 21,397 6
Ecuador Guayaquil 1,711,000 2,732,000 2.8 2009 209 knf 13,072 3
Quito 1,372,000 2,165,000 2.7 2008 331 knf 6,541 14
Per Lima 6,106,000 8,462,000 1.9 2009 760 knf 11,134 38

TOTAL 20,292,000 30,294,000 2.4 70
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4.2. UrbanizationDynamicsBasedon Night-Time Lights Data
4.2.1 Level andRateof Urbanizationbetween 1992 and 2009

The time series analysis of the average light intensity or DN value per city between 1992 and 2009
revealed differences in the level afbanization and in the rate of urban growth between cities
(Figure3). We identified three different trajectories of urban groWih:cities with very high levels of
urbanization and little or no change in mean light intensity (Bogota Medelh, and)Qa]j cities with
relatively high levels of urbanization in 1992 that experienced slow urban growth (Lima and
Guayaquil); and?3) cities with low levels of urbanization in 1992 that experienced rapid urban growth
(La Paz/El Alto, Quito, and Santa Cruz)hel analyses also showed that Quito, Santa Cruz, and
particularly La Paz/El Alto grew rapidlgetween 1992 and 2000 (Figure ®verall, we identified a
deceleration in the rate of urban growth between 20@02009 in all cities (Figure.3

Figure 3. Time series analysis of the average light intensity or DN value per city between
1992 and 2009.

(9]
(4]

60 -

55 A

50 A

45 —w— Medellin
—{— Guayaquil
—&— Lima
—{— Santa Cruz
—&— Quito
—— LaPaz

40 -

Nighttime light intensity (mean DN)

35 T T T T T T T T T
1992 1994 1996 1998 2000 2002 2004 2006 2008 2010

Year

The distribution of light classes within the city polygons, showed that in 1992, most of thepbuilt
areas in Bogat(83%), Cali (68%), Medelh (68%), and Guayadql (62%) were classified as central
core (DN >60i 63), indicating high levels of urbanization (Figsileand %a)). In contrast, the central
core area of Quito (10%) and Santa Cruz (16%) were much smaller, and the majority of tbp built
area waglassified as suburban (DN26i 52) (Figures 4 and %a)). In both Lima and La Paz/El Alto,
the central core covered ~35% of the buptarea in 1992; however, in Lima, the suburban class also
covered a large area (33%), while in La Paz/El Alto ~23% ofcttye polygon was classified as
undeveloped (DN1®) or scattered development (DN6B20) (Figures 4 and %a)).

4.2.2. Changes iAreaand in theDistributionof Urban LandUse Classes

The major change in the Colombian cities of Bogota Medelli, and @edis the conversion of the
suburban and compact classes to the central core clasddnsification) (Figure4 and5(a,b)). By
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2009, over 90% of the builip area in these cities was classified as central core, a clear example of the
densificationprocess Figures 4and5(b)). This densification occurred mainly along the southern and
eastern peripheries of these cities (Figufe))4 The urban dynamics of Guayaquil, Ecuador were
similar to those of the Colombian cities, characterized by a trangitionthe suburban and compact
classes to the central core claBgy@res 4and5(ab)). The central core expanded from 117%kim
148km?, covering 78% of the builip area in 2009igures 4 and (B)). The central core extended to

the northwest of the tyi center, but mostly to the east across the Guayas River into areas classified as
suburban in 1992Hgure §b)). Urban growth in Quito, Ecuador was much more dynafigufes 4

and 5(ab)). The central core area of Quito increased from ~32 tam~150 kn (Figure b)),
extending north, east and south of the city center into areas classified as lows(RB) and medium
intensity (DN >20i52) in 1992 Figures 4 and (). Although the city experienced a dramatic
increase in the central core class, mban 40% of the city remains classified as compact (~13%, km

and 14% as suburban (~47 RrtFigures 4and b)).

Figure 4. Change in the distribution of the nigiiine lights (NTL) classes between 1992
and 2009 within the city polygons
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In Bolivia, bah cities experienced important urban changes, particularly La Paz/El Alto where the
central core more than doubled, from 68KB5%) to 150 krh(76%), extending into areas classified as
scattered and undeveloped to the west of the city center in El Alto municipadjtyds 4 and (B)).

Santa Cruz is unique because it was the only city where the area of the compact class {~122 km
larger than the central core area (~74%im 2009 Figures 4 and (6)). Although the central core more
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than doubled, extending south and eBgjure gb)), it only covered 33% of the total builp area, with
the majority classified as compact (55%) and theagsuburban (12%lrigures 4 and ()).

Figure 5. (a) Map of the distribution of the nighime lights (NTL) classes in 1992 within

the city polygons (b) Map of the distribution of the nighime lights (NTL) classes in
2009 within the city polygons.
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Figure 5. Cont.

(b)

In Lima, Pet, the central core class increased from 268 {86%) to 414 krfi (55%), expanding
mostly to thesouth and along the northern and western edges of thd-tyé¢s 4 and ®)). In 1992,
71 knf were classified as scattered development, by 2009 virtually all of these areas were converted
into urban class with high light intensitidsidure gb)).



