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Abstract: Secondary cities are rapidly growing areas in low- and middle-income countries that
lack data, planning, and essential services for sustainable development. Their rapid, informal
growth patterns mean secondary cities are often data-poor and under-resourced, impacting
the ability of governments to target development efforts, respond to emergencies, and design
sustainable futures. The United Nations’ Sustainable Development Goal (SDG) 11 focuses on
inclusive, safe, resilient, and sustainable cities and human settlements. SDG Indicator (SDGI)
11.3.1 calculates the ratio of land consumption rate to population growth rate to enhance inclusive
and sustainable urbanization. Our paper compares three cities—Denpasar, Indonesia; Kharkiv,
Ukraine; and Mekelle, Ethiopia—that were part of the Secondary Cities (2C) Initiative of the U.S.
Department of State, Office of the Geographer and Global Issues to assess SDGI 11.3.1. The 2C
Initiative focused on field-based participatory mapping for data generation to assist city planning.
Urban form and population data are critical for calculating and visually representing this ratio.
We examine the spatial extent of each city to assess land use efficiency (LUE) and track changes
in urban form over time. With limited demographic and spatial data for secondary cities, we
speculate whether SDGI 11.3.1 is useful for small- and medium-sized cities.

Keywords: secondary cities; Sustainable Development Goals; land consumption; urban growth;
Sustainable Development Goal Indicator 11.3.1; planning

1. Introduction

The 21st century is experiencing the emergence of the world’s secondary cities as
major urbanizing areas. Secondary cities are defined by population, size, function, eco-
nomic importance, and their regional influence within the country. The population of a
secondary city may range between 10% and 50% of the country’s largest city. They are
urban centers providing critical support functions for governance, transportation, and
production services. Characteristically, they are poorly mapped with limited data and
information on infrastructure, land tenure, and planning and exhibit rapid unplanned
and informal growth patterns [1,2]. This creates numerous environmental security and
sustainability issues that impact the ability of governments to implement development
efforts, respond to emergencies, and design sustainable futures [3].

The Secondary Cities (2C) Initiative was a field-based initiative of the Office of the
Geographer, U.S. Department of State. From 2015 to 2019, the 2C Initiative mapped
secondary cities in low- and middle-income countries (LMICs) to address resilience (e.g.,
adaptive capacity of informal settlements to meet the needs of vulnerable populations),
human security (e.g., access to basic services such as water, food, electricity, and housing),
and emergency preparedness (e.g., planning for natural disasters). The project built local
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to global and public-private partnerships to improve geospatial capacity, enhance data
generation, conduct local mapping, and enable science-based decision making for urban
planning. The project objectives align with the urban Sustainable Development Goal (SDG)
11, to make cities and human settlements inclusive, safe, resilient, and sustainable, which
includes SDG Target 11.3 (to enhance inclusive and sustainable urbanization and capacity
for participatory, integrated, and sustainable human settlement planning and management
in all countries by 2030) [4]. One of the measures developed to assess SDG Target 11.3 is
SDG Indicator (SDGI) 11.3.1. Due to this close alignment with urban goals and our focus on
geospatial data and participatory mapping, we chose to apply SDGI 11.3.1 to 2C Initiative
cities, to measure how efficiently secondary cities utilize land [5].

SDGI 11.3.1 is defined as the ratio of land consumption rate (LCR) to population
growth rate (PGR), a measure of land use efficiency (LUE), as the United Nations documen-
tation. After Schiavina et al, we use Land Use Efficiency (LUE) in this paper rather than
LCRPGR. Importantly, this is the same measure.Specifically, SDGI 11.3.1 highlights the
urgency for participatory human settlement planning and management by demonstrating
the relationship between two characteristics that measure city size—population and urban
form. A city’s urban form is comprised of the spatial pattern of human activities, such as
transportation development, services, housing and settlement structure [6–8]. Secondary
cities are part of the rapidly growing urban landscape. Not only are secondary cities
rapidly growing, but the number of secondary cities is also increasing. In 2030, there will
be more than twice as many medium size cities as there were in 1990, outnumbering megac-
ities. [9] Fueled by the rural to urban transformation and changing migration patterns in
lower and middle income countries, secondary cities reflect socio-political changes where
rapid urban expansion outstrips infrastructure and increases peri-urban areas (or informal
settlements) [8,10].

In September 2015, the SDGs were adopted as a global indicator framework for moni-
toring progress agreed upon by United Nation member states. There are 17 SDGs that have
169 associated targets with 231 measurable indicators. UN 2030 Agenda for Sustainable
Development identifies cities for explicit analysis to inform urban sustainable governance
and responds to SDG 11 [11]. Classified as a sub-national unit, SDG includes cities in
the reporting framework indicating their importance in regional and national develop-
ment and their contribution to societal sustainability [12]. SDG 11, otherwise known as
the ‘urban goal’ focuses on a sub-national unit of measurement—the city—composed of
10 targets ( cultural heritage, sustainable transportation, environmental standards, etc.) and
15 indicators (proportion of population living in urban slums, proportion of urban solid
waste collected, etc.) [2]. One of the indicators for SDG 11 is SDGI 11.3.1, which measures
LUE—the relationship between population density and urban form (Figure 1).
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Population and urban form are directly related [13]. Urban form refers to the physical
characteristics of a city—its size, area, and configuration [14]. SDGI 11.3.1 defines the
functional urban form as the urban agglomeration inclusive of central city and outgrowth
or the built-up area [4]. SDGI 11.3.1 evaluates whether a city is increasing at a rate less
than, greater than, or at the same rate of population growth [5]. Between 2000 and 2014, the
areas occupied by cities grew 1.28 times faster than their populations [15]. Generally, urban
densities of cities have been declining, creating transportation networks, access to services,
and environmental sustainability challenges [15]. To address these important urban issues,
SDGI 11.3.1 aids in assessing and tracking city growth and the population where local
data are needed for planning and development efforts, providing essential services, and
implementing sustainable policies.

The SDG indicators are ranked into three tiers depending upon the level of method-
ological development and data availability for analysis. SDGI 11.3.1 is categorized as a
Tier II indicator meaning that an established methodology exists, but data are not easily
available despite that data availability is key to calculating this indicator. Simon et al. [12]
identifies ten principles for SDG indicators, of which three in particular pertain to SDGI
11.3.1: the need for standard metrics in measuring urban development; the availability for
reliable, open-sourced data; and the role of geospatial data and methods of disaggregation
in order to track smaller-scale inequities of SDG outcomes. A few reasons these data are
not readily available and SDGI 11.3.1 is particularly challenging to implement, include
(1) urban areas around the world are very heterogeneous [1,12]; (2) there is no globally
accepted definition of an urban area [11,13]; (3) there are no standardized metrics for
measuring urban development [12]; and (4) data are unevenly available in different urban
settings and national contexts [12,16].

Several case studies grapple with these common issues and assess the utility of SDGI
11.3.1 applied to a variety of cities around the world. These case studies are from both the
Global North and South, utilize similar approaches, and reflect the heterogeneous-ness of
cities as well as the challenge of implementing this metric. Simon et al. [12] compares five
cities (Gothenburg, Sweden; Greater Manchester, UK; Cape Town, South Africa; Bangalore,
India; Kisumu, Nigeria) to test the application of SDGI 11.3.1 across a representative sample
of urban contexts and conditions around the world. Hansson et al. [17] builds on Simon
et al. [12] and assesses sustainable urban development in Gothenburg, Sweden, discussing
the challenge of applying global indicators in diverse urban contexts.

Several studies explore the application of SDGI 11.3.1. Koch and Krellenberg [18]
describe how this indicator is designed to scale up from local to regional to national levels
playing a major role for examining and understanding cities. They explore the relationship
between national-urban interactions in Germany to assess how SDGs can be implemented
in cities and contextualized for specific urban geographies to inform urban sustainability in
national policy [18]. Nicolau et al. [19] and Wang et al. [20] explore the application of SDGI
11.3.1 in the national context. Wang et al. [20] discusses the use of earth observation data as
a critical data source for measuring urban growth in China. Nicolau et al. [19] describes
the utility of land use/land cover data in calculating land use efficiency in Portugal by
comparing two different land use/land cover datasets to calculate LUE throughout the
country. Abdulkadir et al. [21] presents a case study in Gombe, Nigeria, using open source
data and tools. These studies reinforce the heterogeneous nature of cities yet also reveal
areas of convergence (e.g., scientific thresholds of environmental metrics in using land
use/land cover datasets) with respect to SDG indicators in general and to SDGI 11.3.1
specifically [11]. Multiple data types (population, land use/land cover, global indicators)
can be used to assess this indicator yielding both insights about urban change and novel
ways SDGI 11.3.1 can be assessed.

We contribute to the emerging literature examining the application of SDGI 11.3.1
to selected case studies of three 2C Initiative cities. Our study complements research on
urbanization in two areas. We assess the utility of SDGI 11.3.1 for small- and medium-
sized cities, adding to the diversity of case studies on specific cities to apply this
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indicator [10–12,18,19,21,22]. In addition, this suite of case study sites emphasizes the
importance of the local scale to address issues related to growth and development where
city and regional governments require geospatial data that is often lacking and under-
examined [22]. We examine how this indicator tracks the spatial extent of urban change
over time (1975–2015) and how this metric can provide policy guidance for city planning.
Our study applies the SDGI 11.3.1 for cross-city and country comparisons where we
measure progress and performance where the indicator informs local strategies and
allocates resource [17]. We aim to assess how this indicator can facilitate sustainable
urban policy. We situate our study within the U.N.’s “Monitoring and Reporting the
SDGs, Module 3” using the Global Human Settlement Layer’s (GHSL) built-up and
population datasets. We compare our results for LUE to the UN-Urban Centre Database
(UCD) (2019) that comprises over 10,000 urban centers. We conclude with observations
noting the necessity of local knowledge and input to identify recommendations for
guiding national and local governments in their monitoring of urban development.

2. Materials and Methods

The 2C Initiative supports cities’ efforts to generate data, map, and analyze ur-
ban areas. From 2015 to 2019, the 2C Initiative partnered with local governments,
non-governmental agencies (NGOs), and universities, on sixteen projects located in
four continents (refer to the Secondary Cities website; see Note 1). We selected three
cities—Denpasar, Indonesia; Kharkiv, Ukraine; and Mekelle, Ethiopia—from the sixteen
2C Initiative based on population, world region, and city geography to get a broad
understanding of common challenges for calculating SDGI 11.3.1 in these selected
secondary cities (Figure 2, Supplementary Materials).
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Figure 2. Secondary Cities (2C) Initiative cities with study site cities identified.

We chose these cities due to their representational diversity (e.g., city characteristics
inclusive of population, area, and location) and data availability (Table 1). Population data
were not available for most of the 2C cities for the measurement period of our analysis. A
key source of urban and rural population estimates, and projections is the WUP derived
from the UN World Population Prospects (WPP). This dataset does not have population
figures for urban agglomerations less than 300,000, a characteristic of many secondary
cities including several of the 2C city partners (see Note 2). Furthermore, many of the 2C
cities did not have the GHSL time series (epochs) necessary to calculate SDGI 11.3.1. Both,
population data and GHSL data that covered all four epochs, are essential to calculate



ISPRS Int. J. Geo-Inf. 2021, 10, 713 5 of 19

SDGI 11.3.1 ratio for sound analytical comparison purposes (see Note 3). Despite these
limitations, we apply the SDGI 11.3.1 to these three diverse secondary cities to contribute
to the understanding of urban development over time and space and provide a “proof of
concept” application for secondary cities. Specifically, we examine whether SDGI 11.3.1
can provide the basis to track urban change over time for small and medium-sized cities
and identify linkages between socio-political events and the built environment [10].

Table 1. Three Secondary City Initiative cities used to calculate SDG Indicator 11.3.1.

Secondary Cities Selected for Analysis

City Population a Population Year World Region City Geography

Denpasar, Bali,
Indonesia 883,814 2015 Asia Island, Coastal

Kharkiv,
Ukraine 1,442,204 2015 Europe Inland

Mekelle,
Ethiopia 440,042 2015 Africa Highlands

a UN-Department of Economic and Social Affairs (UN-DESA), 2018a [23].

2.1. Selected 2C Initiative Cities: Denpasar, Indonesia; Kharkiv, Ukraine; Mekelle, Ethiopia

Situated on the Island of Bali, Indonesia, Denpasar is the capital city of the Bali
province. Bali is a tourist destination in Southeast Asia and considered “the center of
government, commerce, business, and education” [24] (p. 566). The influx of population,
development of tourism, and limited land resources transitioned a previously agrarian
society to a wage-based economy focused on tourism [25]. The change has caused an unsta-
ble economy, unsustainable urban growth patterns, and affected the original character and
identity of Denpasar [24–26]. Development in the late 1990s and early 2000s concentrated in
the coastal areas where high-rise hotels were built. During the early 2000s, Bali experienced
an economic decline due to changes in global economy and two bombing events in 2002
and 2005 [27]. However, renewed tourism activity has spread, and population continues to
grow requiring transportation networks that need more space [28]. Demand has increased
for infrastructure and services as the city faces road congestion, transportation hazards,
and environmental concerns, resulting due to urban growth [24,28]. Tourist development,
inter-island migration, and rapid urban growth have contributed to waste management
challenges [29].

Kharkiv is the administrative capital of Kharkiv Oblast (or region) and is the second
largest city in Ukraine. Although the majority of the population is Ukrainian, the city’s
largest minority is of Russian descent due to its historical dependence on and proximity to
Russia—located approximately 40 km from the Russian border. Significant urbanization
throughout Ukraine is noted during the Soviet period in the 1980s. Kharkiv and other urban
agglomerations formed for economic development and defense objectives [30]. These cities
were seen as a labor resource, where the urban population grew mainly due to extensive
development of industry [30]. Kharkiv continues to be influenced by its proximity to Russia
and the ongoing border conflict that arguably remains the most contentious post-Soviet
Union border conflict [31,32]. Loss in urban population since 1995 [23], and migration
to other urban areas across Ukraine has continued [30]. Kharkiv has undergone some
expansion since the early 1900s, although most changes are related to intensification of
land use and density rather than the extent of its urban footprint [33] unlike trends we
have seen in other 2C cities.

Reports show African cities are predicted to continue to have the greatest amount of
urban expansion globally [34]. Mekelle City, the capital of Tigray Regional State in northern
Ethiopia, is a political, economic, and cultural center of Ethiopia [35–37]. It is the second
largest city in Ethiopia and one of the fastest growing cities in the country [36,37]. Similar to
Kharkiv, city growth occurred due to rural migration [37]. Rapid development has impacted
its local cultural heritage sites (such as the deterioration of masonry mansions) [37]. Access
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to water and water quality challenges are part of the daily life in Mekelle [38,39]. In 2009, it
was estimated that only 51–60% of families had access to tap water and water was obtained
from untreated wells, bought from local vendors, or extracted from shallow boreholes [40].
In 2021, the Tigray Region of Ethiopia became the center of regional conflict and Mekelle
is the epicenter of military activity as well as migration conflict refugees to and from the
city [41].

2.2. The Global Human Settlement Layer Data

GHSL has been applied to research on disaster risk reduction, urbanization, and
human settlement dynamics [13]. Researchers conclude that the GHSL can evaluate land
consumption and population at the country [21], regional [42–44], or megacity scale [43].
Our research applies the GHSL dataset to the secondary city scale.

GHSL contains data on population (GHS-pop), built-up areas (GHS-built), and settle-
ment (GHS-SMOD), that are divided into four epochs: 1975, 1990, 2000, and 2014, which,
in turn, are classified by population and physical infrastructure [45]. The GHSL-built
dataset is a spatial, thematic, temporal, high-resolution raster dataset based upon 40 years
of Landsat imagery [2]. We opted to use this dataset as we believe it represents the best
available and comprehensive data for this analysis of the 2C study sites. The accessibility
of Landsat data further demonstrates the challenges this methodology poses to apply the
SDGI 11.3.1 particularly when higher resolution imagery is not available. GHSL-built data
show change in the human presence on the planet since 1975 and are available in 38-m,
250-m, and 1-km resolution [46]. We used the 38-m resolution for our analysis to capture
the highest resolution of an urban built-up area as possible with existing data. We did not
use the GHS-SMOD layer as the spatial resolution is 1-km and too coarse for our study.

The GHSL-POP dataset depicts the distribution of population, expressed as the num-
ber of people per cell for the same four epochs. Data were disaggregated from admin-
istrative units to grid cells, informed by the distribution and density of urban (built-up)
areas as mapped in the GHSL global layer, and is available at two different resolutions,
250-m resolution and 1 km resolution [47]. We used the 250-m resolution for our analysis,
which matched the area of administrative units of our study sites generating 250-m grids
with built-up areas [48]. This layer is particularly useful for areas that do not have high
resolution data on population density which is the case for our study sites, however, this
layer assumes equal distribution of the population in the urban built-up areas [4,48]. In
addition, we compare our outcomes to the UN Urban Centre Database (UN-UCD) hosted
by the European Commission, which uses the GHS-built and GHS-pop grids to house
SDGI 11.3.1 results for over 10,000 urban centers [49].

2.3. Calculating the LUE

We used Google Earth Engine (GEE) to download and export GHS-pop and GHS-built
data. Following the U.N.’s Module 3 on “Monitoring and Reporting the SDGs” Annex 1,
we completed a supervised classification to capture each city’s area with the most urban
character (i.e., buildings and roadways) [5]. We clipped the built and population datasets
to the polygon produced from the supervised classification (Figure 3). It is important to
note the urban/city extent does not necessarily match the existing municipal boundaries
due to rapid growth and unplanned development extending beyond these boundaries [5].
Further confounding defining the urban spatial extent are the number of disparate data
sources and a lack of agreement on defining the “official” city extent.

Using the GHS-pop and GHS-built data layers (Table 2; Figure 4), we calculated PGR
(population growth rate) and LCR (land consumption rate) following UN guidelines for all
GHSL epochs.
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Table 2. Built-up areas and population for Denpasar, Indonesia, Kharkiv, Ukraine, and Mekelle, Ethiopia.

City
Built-up Area (km2) Population

1975 1990 2000 2015 1975 1990 2000 2015

Denpasar 10.1 108.91 158.18 187.76 414,889 773,921 1,110,717 1,848,407
Kharkiv 253.14 404.78 417.95 447.21 1,518,409 1,707,647 1,684,508 1,624,713
Mekelle 0.02 0.69 1.72 8.88 115,777 191,460 273,444 394,372

Source: Global Human Settlement layers-Population: GHSL-pop; Built-up Area: GHSL-built, 2018.

The equation for PGR is [4,47]:

PGR =
ln
( Popt+n

Popt

)
y

, (1)

where Popt+n is the total population within the city in the current/final year, Popt is the total
population within the city in the past/initial year, and y is the number of years between
two measurement periods (epochs) [4,50].

The LCR equation is [4,50]

LCR =
lnUrbt+n/Urbt

y
, (2)

where Urbt+n is the total areal extent of the urban agglomeration in km2 for the current
year, Urbt is the total areal extent of the urban agglomeration in km2 for the past/initial
year, and y is the number of years between the two measurement years (measurement
period) [4,50].

To calculate LUE, we divided LCR by PGR in the following [4,50]:

LUE =
LCR
PGR

. (3)

A LUE ratio greater than one means increased land consumption outstrips population
growth indicating that urban sprawl is occurring [5]. Ratios between zero and one represent
land consumption and population growth rates that are relatively constant where outlying
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land is preserved, and population density is higher in urban built-up areas (Table 3).
In some cases, the LUE ratio is less than one indicating urban change due to decreased
population indicating changing land consumption patterns. Equations were calculated for
all GHSL epochs (see Appendix A).
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Table 3. Land Use Efficiency (LUE) ratio interpretation.

Explanation of LUE Results

Ratio
Relationship to 1 Urban Change Definition

LUE < 1
(negative LUE values) ↓ population growth Decrease in population due to

changes in land consumption

0 < LUE < 1
Rate of population growth

EQUALS rate of land
consumption

Population growth and land
consumption occurs at

similar rate

LUE > 1
(positive LUE values)

↑ land consumption >
population growth

Land consumption occurs at a
faster rate than population

growth population
↓ Decrease; ↑ increase.

To better understand the type of growth, U.N.’s Module 3 on “Monitoring and Sup-
porting the SDGs” recommends calculating two additional secondary indicators, which
utilizes the same datasets: (1) the rate of urban infill and (2) land consumption per capita.
The rate of urban infill measures how many new developments emerge in a time period in
the first time period’s urban extent [5]. This calculation is the total built up area in time
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period 2 (t2t) within time period 1 (t1) boundary minus the total built up areas in time
period 1(t1), divided by the total built up areas in time period 1.

Total built up area in t2 within t1 urban boundaries – Total built up areas in t1
Total built up areas in t1

. (4)

The land consumption per capita (LCPC) is the average amount of land each person
consumes during each analysis period [5]. This secondary indicator can help countries
understand when a city loses built-up areas (negative LUE values) or identify where dense
and informal settlements are developing [5]. We calculated the LCPC for each epoch by
dividing the built-up area (Urbt) in square meters by the population:

LCPC =
Urb
Pop

, (5)

where Urbt is the total amount of urban area within a boundary, in this case for 2015, and
Popt is the total population.

We compared the results of our LUE calculation to the UN-UCD LCRPGR (land
consumption rate to population growth rate) for our selected cities. The UN-UCD uses
the same methodology we have used for this study. The U.N. states “we adopted the
extent of built-up areas as the input data for land consumption, and population as input
for demographic change . . . ” [5] (p. 26).

3. Results
3.1. Inter-City LUE Comparisons

The GSHL data allow us to examine the changing nature of urban form and population
over a 40-year time period for three diverse secondary cities (Table 4). Urban footprint
of the three cities indicates the intertwined nature of land consumption and population
change with urban expansion a common denominator.

Table 4. Land Use Efficiency (LUE) for Denpasar, Indonesia; Kharkiv, Ukraine; and Mekelle, Ethiopia.

Land Use Efficiency (LUE) a

City
Population

Growth Rate
(PGR) b

Land
Consumption
Rate (LCR) b

1975–1990 1990–2000 2000–2015 1975–2015

Denpasar 0.037 0.073 3.82 1.03 0.34 1.96
Kharkiv 0.0017 0.014 4.00 −2.35 −1.87 8.41
Mekelle 0.031 0.150 6.89 2.55 4.48 4.91

a Refer to equation 3: LCR/PGR = LUE. b PGR and LCR values in this table are calculated using data for the
40-year time frame—1975 and 2015. Values for all epochs are in Appendix A.

The LUE ratio affirms how secondary cities are rapidly growing with land con-
sumption outstripping population growth (Figure 5). All city LUE ratios are above
1—indicating that increasing land consumption where all cities expanded in area
from 1975 to 2015 (calculated as the difference between 1975 and 2015): Denpasar
(177.75 km2), Mekelle (8.86 km2), and Kharkiv (194.07 km2) (derived from Table 2).
While population increased across the cities, (Denpasar and Mekelle’s LUE ratios for all
GHSL epochs were greater than zero, indicating that increased population growth and
land consumption occurred at a similar rate), while Kharkiv’s LUE ratios include nega-
tive ratio results indicating changes in urban form driven by decreases in population
due to changing land consumption patterns over time.

Further asserting the growth trajectory of secondary cities are the changes in pop-
ulation and land consumption (Table 5). Both Denpasar and Mekelle have experienced
explosive growth over the 40-year time frame; however, Kharkiv has experienced less
population growth despite a large rate of land consumption. These values further confirm
the rapid expansion of secondary cities in terms of both population increase (Mekelle and
Denpasar) and land consumption (Kharkiv). Over time, both Mekelle and Kharkiv have
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the capacity to expand into the hinterland to accommodate increased population, whereas
Denpasar does not due to its coastal location.
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Table 5. Changes in population and land consumption.

Change in Populations and Land Consumption
(1975–2015)

City Population
(% Change)

Land Consumption-km2

(% Change)

Denpasar 1,433,518 (345%) 177.75 (18%)
Kharkiv 1518.409 (7%) 194.07 (78%)
Mekelle 278,595 (240%) 8.86 (443%)

Between 1990 and 2014, the rate of urban infill calculated for each city indicates chang-
ing city patterns and urban form (Table 6). In Denpasar, rate of urban infill (72%) suggests
that density may be increasing within the urban extent. The urban extent of Mekelle
includes the airport area located a considerable distance from the city center; the rate of
urban infill (954%) indicates a high capacity for urban infill to occur. In Kharkiv, lower rate
of urban infill (10%) implies that new development may be slowing and occurring within
the existing urban extent.

Table 6. Rate of urban infill.

Rate of Urban Infill
(1990–2015) a

Built-Up Area (km2) b

City 1990 2015 Rate of Urban Infill

Denpasar 108.91 187.87 72%
Kharkiv 404.78 447.21 10%
Mekelle 0.69 8.88 1186%

a Rate of urban infill derived for 1990–2015; Rate of urban infill for epoch 1975–1990 for all cities is over 1000%
indicating rapid growth and urban change during this time frame. b Built-up area derived from Landsat classification.
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Table 7 tracks the increasing land consumption over time where all cities demonstrate
that the land consumption per capita continued to increase with the largest increases
occurring in the last GHSL epoch (2000–2015). By 2015, Denpasar shows a marked reduced
land consumption per capita (reduced by 37.50 m2 per person between 2000 and 2015
compared to an increase of 3.91 m2 per person between 1990 and 2000), land consumption
in Mekelle continues to increase (increased by 16.36 m2 per person between 2000 and 2015
from 3.55 km2 between 1990 and 2000), and Kharkiv has been relatively stable (average
increase of 20 m2 per person between 1990 and 2015).

Table 7. Land consumption per capita (LCPC) per square meter (UN HABITAT, 2016b).

Land Consumption per Capita (LCPC)
(m2 per Person)

City 1975 1990 2000 2015

Denpasar 19.59 127.33 131.24 93.74
Kharkiv 159.22 232.85 248.05 274.72
Mekelle 1.80 4.66 7.21 23.57

3.2. City LUE Results

Denpasar has had a steady decline in the LUE during the 40-year period. In 1975–1990,
the LUE was 3.83 (1975–1990 GHSL epoch) and the LUE was 0.34 (2000–2015 GHSL epoch)
(Table 4). Denpasar showed greater land consumption from 1975 to 1990, while later epochs
experienced lower rates of population growth and land consumption. Denpasar is located
on the island of Bali with limited options of land consumption, pushing the city toward
compactness and increased population density. The land consumption per capita value is
a declining trend for cities such as Denpasar experiencing increased density, where there
is limited space to expand [5]. If population trends continue to increase city officials will
need to consider planning alternatives that address issues of infill of vacant city parcels,
vertical growth (i.e., high rise housing options), or limitations to further development (i.e.,
building moratoriums). Denpasar’s LUE between 0 and 1 indicates similar rates of land
consumption and population growth, produced from the LCPC (Table 7). Although the
ratio indicates population and land consumption are increasing at a similar rate, local
officials need to verify these results.

Kharkiv’s LUE ratio indicates significant land consumption compared to population
growth from 1975 to 1990 (Table 4). The other epochs (1990–2000 and 2000–2015) have
negative ratios because population decreased while land consumption increased (Table 2).
Kharkiv increased in population and land consumption from 1975 to 1990. From 1990 to
2000, Kharkiv decreased in population and remained consistent in urban extent. With an
LUE of −1.87 from 2000 to 2015, Kharkiv experienced a slight decrease in population and
slight increase in land consumption. Social and political conflict from Soviet rule impacted
urban growth; rural migration from 1913 to 2000 increased urban populations around the
country, including Kharkiv [30]. However, since the 1980s, Kharkiv has been subject to high
mortality and low fertility rates [30]. From 1993, rapid population decline has also occurred
due to economic collapse [30,33]. Kharkiv has experienced population fluctuations, but
overall steady land consumption is suggested by the overall LUE ratio of 4.98.

Mekelle has rapidly grown from 2000 to 2015. Mekelle showed an increase in popula-
tion and urban extent over the 40 years with an initial population of 115,777 and urban
extent of 0.21 km2. By 2015, the city’s population was 394,372 and urban extent had ex-
panded to 9.49 km2. The LUE changed over time from 6.89 during 1975 to 1990 (indicating
significant growth in both land area and population) to LUEs of 2.55 (1990–2000) and
4.48 (2000–2015). Studies show African cities have experienced the greatest amount of
urban expansion and population growth [51]. The growth in both population and land
expansion is reflected in the LUE ratio.
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3.3. Comparing LUE and UN-LCRPGR Ratios

The UN-UCD includes calculations for our three cities for the time period of 1990–2015.
We recalculate our LUE using the supervised classification that defines our city extent and
match the UN-UCD time span of 1990–2015 (Table 8).
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Table 8. LUE (Land Use Efficiency) and UN-LCRPGR ratio comparison.

LUE (Land Use Efficiency) Comparison with UN-LCRPGR a Ratios (1990–2015)

City UN-LCRPGR LUE

Denpasar 0.2 0.62
Kharkiv −1.4 0.11
Mekelle 0.9 3.64

a UN-LCRPGR = land consumption rate to population growth rate ratio; UN-LCRPGR is derived for epochs
1990–2000 and 2000–2015. Source: UN-Urban Centre Database [47]. The discrepancy in numbers is due to several
reasons. First, it is likely due to a difference in the urban spatial extent, or the boundaries used in the supervised
classification as compared to the boundary used by GHSL (Figure 6). However, there is no definitive way to
conclude this until boundary definitions are clearly determined.

UN-LCRPGR indicates Denpasar had an increase in land consumption and population,
with a larger increase in population. Our results indicate Denpasar had greater land
consumption. Depending on boundaries, our supervised classification may have included
additional areas north of the city not included in the UN-UCD LCRPGR values. An agreed
upon definition of the boundary extent is important because Denpasar urban planners need
to plan sustainably as the city continues to exhibit patterns of greater land consumption.

https://ghsl.jrc.ec.europa.eu/ucdb2018visual.php
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For Kharkiv, the LUE and UN-UCD LCRPGR ratios for 1990–2015 indicates that land
consumption and population growth were more closely aligned with lower rates of land
consumption and population growth (Table 4). As in the case of Denpasar, we suggest that
the discrepancy between the values is related to the boundary used for determining the
ratios (see Discussion). Various factors impact city growth over this time frame. Kharkiv’s
population decreased slightly from 1990 to 2000 and 2000 to 2015 (Table 2). This produced
negative PGR values, while land consumption continued producing positive LCR values.

The Mekelle comparison of LUE and UN-UCD LCRPGR is similar to Denpasar, in that
the UN-UDC LCRPGR ratio indicates greater population than land consumption but there
were increases in both. Our results indicate greater land consumption (Tables 6 and 7).
The LUE and UN-UDC LCRPGR show the greatest discrepancy between values. The LUE
displayed greater land consumption while the UN-UDC LCRPGR ratio suggests a city with
a near balance between population growth and land consumption. Mekelle’s population
grew but at a greater rate than land consumption. The LUE and UN-UDC LCRPGR ratios
are consistent with reports of the African continent’s expanding urban areas.

4. Discussion

The Atlas of Urban Expansions defines urban growth in several ways: infill, extension,
leapfrog development, and inclusion [52]. Infill is the addition of built-up areas within the
urban area that were previously open space; extension is the expanding perimeter of the
city; leapfrog development refers to new developments of urban character not spatially
coincident with existing urban areas; and inclusion are those built-up areas originally
outside of the main urban area that become surrounded by the outward growth of the
city [52]. Our three cities exhibit all these patterns of urban growth throughout the 40-year
time period.

Denpasar’s growth demonstrates evidence of extensive growth over the last 40 years.
More recently, Denpasar land consumption has decreased due to the limitations of island
environments (i.e., limited land area, rising sea level, cyclonic storms) leaving us to infer
that infill will need to be used as a planning tool to manage city growth. Predictions indicate
that Denpasar will continue to experience population growth [28] and will need robust
creative sustainable planning for living situations to ensure a human security for local
residents. The Secondary Cities Initiative facilitated communication between city officials,
the local non-governmental organization—the Gringgo Foundation (implementing the 2C
Denpasar project), and local universities (i.e., university students collected field data) to
develop city geospatial data. While the project specifically focused on waste management
(i.e., recycling centers, trash dumps, illegal trash dumps, and potential transportation
routes for waste collection) additional analyses were conducted on land use/land cover to
assess city growth and there was a keen interest from local government in further using
these data for urban planning.

Kharkiv is situated in a valley crisscrossed by rivers where river management (i.e.,
damming rivers, construction of surface canals and subservice conduits) was a key
aspect of city development in the early 1900s [53]. Urban expansion—extension and
inclusion—was facilitated by industrial development, the emergence of Kharkiv as a
nexus of higher education (i.e., there are 34 universities located there), and numerous
city parks created over 100 years ago. However, due to a combination of social factors
and the border conflict with Russia population growth has decreased [32]. Given
Kharkiv’s increase in land consumption over the past 40 years (from 241.79 km2 in 1975
to 446.47 km2 in 2015) and decrease in population since 1990, Kharkiv is a city where
infill is a strategy for planning initiatives. The 2C Kharkiv project revealed an interest
from city leaders and local non-governmental organizations (Red Crescent and refugee
centers) in identifying vacant building across the city and their potential for relocating
refugees from Ukraine’s eastern border conflict with Russia.

Mekelle has faced consistent growth over the 40 years of this analysis but has notable
leapfrog development as evidenced from remote sensed imagery (1990—Landsat imagery).
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For example, the airport is southeast of Mekelle’s city (104 km from Mekelle city center)
where change detection analysis using GHSL-built and satellite imagery reveal an emerging
built-up area nearby. Field validation of buildings will reveal if these are commercial
buildings for airport use or residential buildings. Such local input and knowledge are
needed to inform SDGI 11.3.1 to augment the limitations of remote analyses. Mekelle
is rapidly changing as the city is located in an area of intense regional conflict where
population fluctuations will impact patterns of urbanization. The 2C Mekelle project
facilitated the generation of baseline data specifically emphasizing water access. Due to
climate change, continuing drought, and the emerging conflict in the region, access to water
is a critical indicator not only for managing city growth but also for human well-being
(consider SDG 6—access to water and sanitation). This conflict will further impact data
development due to limited access to the city compromising the nascent effort to develop
robust geospatial data amidst an increasingly precarious political situation.

We encountered several issues in calculating SDGI 11.3.1 for the 2C cities in our project
and assume these issues will be reflected in most LMICs. These include a lack of available
GHSL data for cities, download difficulties with both GHSL datasets due to the size of
the datasets and the low bandwidth as well as interrupted internet service many LMICs
encounter, and boundary uncertainties and discrepancies between authoritative and local
datasets. Compounding these issues are the local conditions on site, in particular conflict,
political change (i.e., election cycles and changing political priorities), and adequate tech-
nical infrastructure (i.e., access to internet, computer hardware, and geospatial software).
Despite these challenges, SDGI 11.3.1 analysis of land consumption and population are pos-
sible due to increased access to spatial data and satellite images to track urban changes [50].
While data availability and accuracy are improving [36], access and processing of satellite
imagery requires the necessary infrastructure (i.e., internet connectivity, consistent elec-
tricity, computational power) and technical expertise (i.e., competence in the geospatial
sciences), which are often limiting factors in LMICs [54].

There are some limitations in the GHSL data that should be noted. The GHSL-built
data only characterize a pixel as having a building [46]. The presence of a building is not
enough to determine the type of growth (e.g., urban or rural) or population density (e.g.,
how many people may live in the building; number of floors in a building) in the city. Local
experts familiar with the city and surrounding areas can identify how a ‘building’ defines
city growth based on local knowledge and can assist in the validation of results. Further, the
use of Landsat imagery extends the time span of our study while potentially compromising
spatial accuracy of the urban area due to the low resolution of Landsat images. However,
using the available Landsat imagery provides us with an initial assessment of these cities to
identify trends with the opportunity to engage with local experts to confirm our findings.
Our next step will be to obtain higher resolution imagery to further examine our outcomes.

In addition, city spatial extents are dynamic and often do not match the administrative
or municipal boundaries. However, understanding where administrative boundaries occur
can assist in defining urban growth patterns that reflect sprawl or leapfrog development,
and where services such as transportation networks may need to extend. Further, the
boundary used for the LUE analysis affect and even change the results. The boundary
determines urban area used in the equations PGR and LCR, altering LUE ratios. The
boundaries utilized by the UN-UCD are different than the boundaries we used for our
analysis. We derived a boundary for each epoch to calculate the LUE ratios. We also
calculated the LUE based on the same timeframe as the UN-UCD LCRLGR ratio and this
produced different results. Including local input and data can improve determining the
boundary that is representative of the urban area in question. We recommend obtaining
guidance from city residents with local knowledge to define the boundary used to calculate
SDGI 11.3.1 to ensure the entire area of interest (e.g., peri-urban area) is included in analyses.
Riad et al. demonstrate the importance of local understanding integrated with remotely
sensed data to assess land use/land cover change in urban areas, [10]. Applying SDGI
11.3.1 to the 2C projects was outside the 2C Initiative scope and purpose; however, this
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analysis has indicated that our next steps will be further examination of applying this
indicator to the 2C city network.

The socio, political, historical, and economic context of each of the city’s development
is key in assessing and understanding the LUE ratio over time. Population growth is
facilitated by several factors (i.e., economic opportunities, access to markets and resources,
education) and land consumption has a variety of patterns (i.e., infill, inclusion) that
result from where people choose or are forced to live (i.e., conflict, political change, ethnic
marginalization). Informal development is another key aspect of many secondary cities [1]
driven by economic, social, and political events. Identifying the configuration and location
of informal settlements are critical to managing and planning for services. A limitation of
the GHSL-built data layer is how the spatial extent of informal settlements are captured
by the various sensors and spectral signatures of building materials on remotely sensed
images [47]. However, the ability to map urban extent is rapidly changing due to using
other datasets (i.e., night lights), artificial intelligence to train the data classification, and
local knowledge [10,55]. Informal development can be overlooked or mis-mapped if it
cannot be captured by sensors, modeling, or interpretation of the satellite images.

5. Conclusions: Scale of Land Use Efficiency

The LUE ratios calculated for Denpasar, Kharkiv, and Mekelle reflect historical and
social factors that have influenced the growth of the city. Denpasar experienced reduced
urban growth in the early 2000s due to the economic downturn and terrorist events
on the island of Bali—impacting tourism and slowing construction of high-end hotels.
Kharkiv’s urban expansion fluctuated over the 40-year period reflecting the changes due to
Soviet influence and regional conflict. Mekelle, a cultural, political, and economic hub of
northern Ethiopia, faces changing conditions due to ethnic and civil struggles in the area
that potentially will reshape the city. Conducting an analysis of SDGI 11.3.1 provides a
baseline assessment that can be improved with local input and knowledge and access to
higher resolution imagery. SDGI 11.3.1 is important for understanding urban form and
population for secondary cities however its application is dependent upon data availability
and instruction on how to apply this indicator for local urban planners. The UN-UCD
LCRPGR products also create baseline assessments of many cities, including secondary
cities but do not include the nuances of urban change that impact urban form.

The 2C Initiative provides local data that did not previous exist to begin the process
of mapping and generating data for select secondary cities. This initiative created and
fostered geospatial user networks with universities, private sector workers, municipal
employees, and NGOs. Our partners are familiar with their city providing local knowledge
to identify where and what land is being consumed and the local dynamics of population
growth. We highly recommend collaborating with local experts to validate the type of
development cities experience and how that will affect city growth moving forward.

Our research demonstrates that the SDGI 11.3.1 can be applied to diverse secondary
cities with limited data. However, the process is not straightforward for local urban
planners in secondary cities without adequate instruction, access to data, geospatial tools,
and computer technology in order to conduct the analysis. Consulting with local experts
assist in validating GHSL data for SDGI 11.3.1 and other global datasets for SDG indicators
that rely on geospatial data. Additionally, local communities and governments can provide
the context for urban change due to socio-political conditions. The impetus to apply SDGI
11.3.1 goes beyond the annual reporting to the relevant UN organizations to identify ways
for broader community participation in urban planning.

SDGI 11.3.1 provides guidance in identifying and examining trends of urban change.
The ratios provide some indications of the city’s form, but not why the city is changing.
Coupling these results with an assessment of other SDG indicators, the scientific literature,
and local input on historical events and current situations informs urban change in ways
remote analysis may miss. Next steps to further assess SDG 11.3 are to evaluate SDGI
11.3.2—to assess the proportion of cities with a structure of civil society participation in
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urban planning and management that operates regularly and democratically, which is also
a local endeavor. Our emphasis to include local experts in the analysis aligns with the
premise of calculating SDGI 11.3.2.

NOTES:
Note 1: The Secondary Cities Initiative included the following projects:

• Six projects in Latin America (Cusco, Peru; Esmeraldas, Ecuador; Medellín, Colombia;
Santa Fe, Argentina; Santiago de los Caballeros, Dominican Republic; and Tijuana, Mexico);

• Five projects in Eastern Europe and Asia (Denpasar, Indonesia; Darkhan, Mongolia;
Kharkiv, Ukraine; Indore, India; and Pokhara, Nepal); and

• Five projects in Africa (Boke-Kamsar, Guinea; Douala, Cameroon; Mekelle, Ethiopia;
Pemba, Mozambique; and Port Harcourt, Nigeria) (see https://secondarycities.state.
gov/; Accessed date: 15 July 2021).

Note 2: 2C cities that less than 300,000 people: Emeraldas, Ecuador; Darkhan, Mongolia.
Note 3: 2C cities that do not have GHSL epochs needed to calculate SDGI 11.3.1:

Medellin, Colombia, Cusco, Peru.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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