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Abstract: Emerging megacities in the global south face unprecedented transformation dynamics,
manifested in rapid demographic, economic, and physical growth. Anticipating the associated
sustainability and resilience challenges requires an understanding of future trajectories. Global
change models provide consistent high-level urbanization scenarios. City-scale urban growth models
accurately simulate complex physical growth. Modeling approaches linking the global and the
local scale, however, are underdeveloped. This work introduces a novel approach to inform a local
urban growth model by global Shared Socioeconomic Pathways to produce consistent maps of
future urban expansion and population density via cellular automaton and dasymetric mapping.
We demonstrate the approach for the case of Pune, India. Three scenarios are explored until 2050:
business as usual (BAU), high, and low urbanization. After calibration and validation, the BAU
scenario yields a 55% growth in Pune’s population and 90% in built-up extent, entailing significant
impacts: Pune’s core city densifies further with up to 60,000 persons/km?, adding pressure to its
strained infrastructure. In addition, 66-70% more residents are exposed to flood risk. Half of the
urban expansion replaces agriculture, converting 167 km? of land. The high-urbanization scenario
intensifies these impacts. These results illustrate how spatially explicit scenario projections help
identify impacts of urbanization and inform long-term planning.

Keywords: urban growth modeling; urban sustainability; shared socioeconomic pathways; cellular
automata; dasymetric mapping; Pune

1. Introduction

The world’s urbanization proceeds at a rapid pace. According to the World Urban-
ization Prospects (WUP), two thirds of the global population will live in cities by 2050 [1].
Most of the dynamic is found in the global south, with Indian cities alone growing by over
400 million people by 2050 [1]. In the past, cities” population growth has been accompanied
by the spatial expansion of settlements, with global urban land increasing 2.5-fold between
1975 and 2014 [2]. This change in land cover has severely impacted cities’ surrounding
agricultural production and natural ecosystems through the sealing and fragmentation
of land [3,4]. Particularly India and China have lost large areas of high-quality farmland
to their cities” expansion [5]. As a recent review notes, the link between urbanization and
agriculture is complex, typically dominated by replacement, but also peripheralization and
intensification of agriculture at the cost of natural ecosystems [6].

With increasing land scarcity, many cities expand into riverbeds and other high-risk
areas. Since 1985, the global urban area exposed to flooding has increased four-fold, with
three quarters being located in Asia [7]. The effect is exacerbated by a growing occurrence
and intensity of extreme precipitation events, rendering cities as hotpots of climate change
impacts [8]. Avashia and Garg [9] estimate for 42 Indian cities that the compound effects of
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climate change and the loss of urban green, open, and blue space may lead to significantly
higher flood occurrences in the future. This dual challenge of the increasing pressure on
the sustainability and resilience of urbanizing regions has fueled research efforts to model
future urbanization trajectories on global and local levels.

Spatially explicit urban models have been developed to improve the understanding
of future global urbanization. Seto et al. [10] combine WUP population forecasts with
socio-economic projections, estimating future built-up probability on a 5 km grid. More
recently, Chen et al. [11] replaced the probabilistic WUP forecasts with socio-economic
scenarios as model input. They show how basing their urbanization projections on the well-
known Shared Socioeconomic Pathways (SSPs), a set of five future narratives [12], allows
for analyses consistent with other global change models such as the Intergovernmental
Panel on Climate Change’s climate scenarios.

The simulation of future growth processes for an individual city requires more tailored
approaches. Numerous models have been developed to that end (see reviews [13-16] for
comprehensive overviews). Roughly five groups of urban growth models have emerged
over the last decades:

(1) Cellular Automata (CA) are today the most commonly used approaches for urban
growth simulations [17,18]. Conceptualized in 1943 [19], CAs’ first real-world applica-
tion in urban research dates back to Tobler’s [20] modeling of Detroit’s expansion in
the 1960s. Urban CA models describe the evolution of geographical phenomena in a
bottom-up approach: the state change (non-urban to urban) of each cell in the model-
ing landscape is determined by its former state and its neighborhood. Growth patterns
emerge when a set of simple growth rules is applied to each cell individually [21].

(2)  Statistical approaches are often logistic regressions that predict the probability of cells
to urbanize based on variables such as proximity to urban centers, infrastructure
availability, and terrain [22].

(8) Markov chains are stochastic models of temporal land cover and land use change,
predicting the transition probability of land use classes based on their state in the
previous time step and a static transition probability matrix [23]. They are often
combined with other models such as logistic regression or cellular automata (CA-
Markov), to include neighborhood effects and produce spatially explicit land use
change maps [24,25].

(4) Agent-based models and Multi-Agent Systems (ABM/MAS) simulate urbanization pro-
cesses as the consequence of multiple agents’ collective behavior [26], who can
either be represented spatially themselves, or by linking the ABM/MAS to other
allocation models [27,28].

(5) Other models utilize decision trees/random forest [29], artificial neural networks [30], or
maximum entropy [31] approaches to simulate urbanization.

Not only do the methodological approaches differ greatly between models, but also
the inputs in terms of urbanization drivers: most local urban growth models rely on the
simple extrapolations of cities” historical growth trajectories [16]. This introduces path
dependencies, as found for instance in the popular CA model SLEUTH that underestimates
growth in dynamically urbanizing regions [15,32]. It also makes comparison across cities
difficult. Arguably, global scenarios such as the SSPs can diversify the perspective on
possible futures and help compare and combine models through consistent inputs. How-
ever, local urban growth models that use scenarios rarely link them to established global
scenarios, rather relating to local planning and management interventions such as proposed
development plans and policies [33-35], or case-specific assumptions of higher and lower
growth [36,37], thus remaining isolated analyses. An exception is the approach of Zhang
et al. [38] where urban expansion impacts in the Beijing-Tianjin—-Hebei agglomeration in
China are modeled based on SSPs” population projections.

Compared to models of cities” physical expansion, spatially explicit projections of
population distribution, i.e., estimations of where how many people will live in the future,
have received less attention. Arguably, such knowledge is critical in the long-term design
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of infrastructure and public services, and for better anticipation of future hazards such as
flood risks [39-41]. Recent approaches to globally mapping future populations have been
presented with the Global Human Settlement Layer (GHSL POP) on population maps until
2030 based on the UN’s WUP [42] and by Koomen et al. [43], who use the SSPs for the
high-resolution global projection of built-up and population density until 2100. On the local
level, there is a remarkable lack of the population component in urban growth models.

We argue that a city’s long-term urbanization effects are best anticipated by basing
the local projections of land cover and population on established global scenarios. This,
however, requires their translation into a spatially explicit and locally adapted local urban
growth model. With CitySCAPE, we present a scenario-based cellular automaton for
distributed population estimates that serves this goal. It uses regionalized SSPs to estimate
a city’s population and economic growth. The total built-up area is derived statistically
in a non-spatial, top-down demand model and fed into a cellular automaton for the
bottom-up allocation across the selected metropolitan region. Using dasymetric mapping,
future population density surfaces are created based on the modeled built-up area. We
demonstrate this in a case study of Pune, where the physical expansion and changes in
population density are projected until 2050 for three urbanization scenarios. We find that
Pune’s growth can be expected to continue in future, posing pressure on local resources and
urban dwellers. Challenges are illustrated in terms of future water demand concentration,
increasing flood exposure on riverbanks, and the loss of arable land in the fringe area. The
examples show that the approach is useful for nexus analyses of the diverse interlinkages
between urbanization and related natural and human systems. Different future scenarios
allow for the early development of suitable planning and management strategies.

2. Materials and Methods
2.1. Qverview Urban Growth Model Suite

The urban growth model suite projects future built-up area and population density
scenarios in a spatially explicit way. The model is calibrated and validated with observed
data for the period 1975-2014 and 2015-2020, respectively. Three urbanization scenarios
are projected for the period 2021-2050. CitySCAPE consists of three parts and their joint
application (Figure 1). These are (1) estimation of the future population, economic, and
built-up scenarios based on regionalized projections and a beta regression model, (2) spatial
allocation of the built-up area via CA, and (3) population distribution on the built-up
area via dasymetric mapping. The individual parts are outlined in the following sections,
illustrated by the case of Pune. With the appropriate local data, the model suite can be
applied to any other urbanizing region. An exhaustive description of all model components
would require more than the available space in this article. Therefore, details on input
data processing, model scripts, documentation, good-ness-of-fit tests, as well as additional
outputs, are found in the Supplementary Materials.

2.2. Study Site: Pune

Pune is located in the western part of Maharashtra, forming an urban-industrial
corridor with Thane and Mumbai. We focus on the Pune Metropolitan Region (PMR),
encompassing the Pune Municipal Corporation (PMC) and its northern twin city Pim-
pri Chinchwad (PCMC), as well as (parts of) 9 further subdistricts with 13 towns, over
800 villages, and large military cantonments [44]. Notwithstanding its image as a prosper-
ous and livable city [45], Pune struggles with infrastructural deficits (insufficient water,
energy, and transport systems) and institutions incapable of keeping up with the city’s
rapid growth [46]. Between 22% and 32% of the PMC'’s population live informally, many
of whom have come to the city as domestic migrants [47,48]. The PMR has experienced a
pronounced growth in population and built-up area over the last decades: the metropolitan
population grew more than 3.5-fold from 2.5 million in 1975 to 9.13 million in 2020 [42,49]
and built-up land by a factor of 9.3, corresponding to 323 km? ([2,50] see Figure 2). The
city’s expansion has largely been unregulated and increasingly dispersed in the past, par-
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ticularly outside the corporations” boundaries, where it consumed natural and agricultural
land [35,51]. Garud and Rao [52] estimate that between 2014 and 2019, the PMR lost over
47 km? of farmland to urbanization, mainly cropped with cereals, legumes, and vegetables.
Like many Indian cities, Pune has experienced severe flood damage in the past. Due to
the increasing share of an impervious surface in the city, Kumar and Dhorde [53] found
significant increases in stormwater runoff and associated pluvial flood risk over the last
decades. Moreover, riverine floods along Mula and Mutha have recently caused massive
damage [54-56], affecting vulnerable populations groups most severely [57].

1 - Future Scenario Estimation

Regionalizing SSPs & deriving total built-up area for

BAU, HiUrb, and LoUrb Scenario 3 - Dasymetric

Economic projections
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Figure 1. Overview of the CitySCAPE Model Suite. Grey-shaded boxes represent the three main
model parts; small boxes refer to model outputs.

2.3. Future Scenario Estimation
2.3.1. Regionalization of Demographic and Economic Scenarios

Many studies have shown that the expansion of built-up areas is primarily driven by
population and economic growth [10,11,58]. We hence base the future physical growth of
the city on these two predictors. The globally available scenario portfolio Shared Socioeco-
nomic Pathways (SSPs) is employed to define three different demographic and economic
trajectories for Pune until the year 2050. We use three of the five available SSPs for our pro-
jections: SSP2 is treated as a business as usual (BAU) scenario, SSP1 as high-urbanization
(HiUrb), and SSP3 as a low-urbanization (LoUrb) scenario.

Our Population projections are based on national SSP time series of the urban popu-
lation provided by KC and Lutz [59] and Jiang and O’Neill [60]. These national projections
are first regionalized to the state level alongside previous work conducted by KC et al. [61],
and then to the PMR level, assuming proportionality among the three SSPs between na-
tional and state estimates and a fully urban population in the PMR. We update the SSPs’
base year to 2020 population numbers based on Schiavina et al.’s GHSL POP data [42].
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Pune Metropolitan Region
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Figure 2. Historical expansion of the built-up area in PMR between 1975 and 2020. Own illustration
based on GHSL BUILT [2,50].

Future economic projections are captured in the form of per capita district domestic
product (DDPpc), again based on national SSP estimates [62]. A linear regression model is
used to derive the PMR’s DDPpc estimates from national projections. The regression model
is fitted using data from 1990/91 to 2014/15 on the Pune district (as a reasonable proxy
for the PMR, where no DDPpc data are available) and national level. Both historical and
future monetary values are adjusted for inflation to a constant 2010 Indian Rupee (INR2010)
via the national consumer price index and the projections are corrected to the latest (2020)
observed values [63]. Population and DDPpc are projected for each scenario in yearly time
steps until 2050.

2.3.2. Estimating Future Built-Up Expansion via Beta Regression

The built-up fraction of a given region can be modeled as a constrained, monotonously
growing function defined by the two predictors population density and DDPpc, typically
following a sigmoid-shaped curve [58]. We apply a beta regression model with a logit link
function to approximate this relationship. In the literature, beta regression models have
been used to model various phenomena such as the fraction of plant cover in a habitat [64]
(p- 340). To our knowledge, its application to built-up share is new. We use Ferrari and
Cribari-Neto’s [65] parameterization of the beta function using the mean and precision
parameters u = p/(p +q) and ¢ = p + g, respectively:

fly; m @) = F(WP)FF((((’;)_ SV yL o<y < (1)
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where 0 < p <1 and ¢ > 0. For our regression model, the mean p of the response given
observed covariates x is consequently:

k
g(ut) =Y _xiBi 2)
1

This follows the general structure of a multiple linear regression with 8 = (B1 ... Bx) T
as the regression parameter vector and x; ... x4 as the k observed covariates. To fit the
unit interval (the share of built-up land can only range between 0 and 1), we apply a logit
link function g(-) to the linear predictor.

For model fitting to Pune, 573 historical subdistrict-level observations of built-up
and population density, as well as DDPpc, from Maharashtra and northern Karnataka
are used. The approach of using cross-sectional data of the larger region, rather than a
time series limited to the model region, is employed to reduce historical path dependency:
the relationship of built-up area and population density /DDPpc of a neighboring, more
urbanized city is likely to provide more accurate information on Pune’s growth than its own
historical trajectory. The built-up area input is based on the Global Human Settlement Layer
GHSL BUILT, derived from Landsat and Sentinel satellite imagery [2,50]. GHSL BUILT is
resampled in GIS to the CA model resolution and to binary values (non-built-up /built-up;
see Section 2.4). We use R’s glmmTMB package for model fitting (maximum likelihood) and
prediction [66]. Several variations of the linear predictor were tested and compared via
an analysis of variance (ANOVA, see Supplementary Materials). The linear predictor of
the final regression model can be found in Equation (3). Both independent variables are
log-transformed.

Builtupuorm = Po + B110g(POPuorm) + P2 log(DDPp) + ¢ (3)

For the estimates of future built-up expansion for each of the three scenarios BAU,
Hilrb, and LoUrb, we assume the irreversibility of urban land conversion [11,58], keep-
ing built-up expansion stagnant in times of population and economic decline. Projec-
tions are further adjusted to the latest observed built-up extent and equipped with 95%
confidence intervals.

2.4. Cellular Automaton—Built-Up Area Allocation

As the core of CitySCAPE, a cellular automaton (CA) allocates the total built-up area
from the regression model on a grid of cells. The CA model can be run in calibration,
validation, and future projection mode and is implemented in Java-based NetLogo [67].

CAs are found to approximate the actual development of a city reasonably well [21].
Arguably, they reflect how real-world decisions are made in cities—often individually,
but influenced by numerous physical, economic, and social “landscapes” [68]. A highly
popular example of an urban CA model is SLEUTH [68], where the urbanization of a cell is
simulated through different growth types and its terrain steepness (slope) as a proxy for
suitability, while the total growth rate is dynamically adapting. SLEUTH’s advantage, its
simple structure, and limited data requirement also limits its applicability and accuracy,
prompting numerous modifications, e.g., the inclusion of further physical, socio-economic,
and political urbanization factors [69-72]. Our CA adopts and expands several of SLEUTH's
core components.

The CA’s model region is characterized by a two-dimensional regular grid of cells. Cell
states (non-built-up /built-up) change in rounds of iteration, representing the time steps
of one year. The cell state Sfjl is defined by its former state Sf, jras well as neighborhood

conditions (Qf,-), and transition rules (T), which determine the probability of a cell to
urbanize (Equation (4); cf. [16]). A city’s growth pattern typically changes over time. For
modeling, this requires the dynamic modification of parameters via self-modification (SM).
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The model is calibrated to reflect local characteristics using a set of suitability, growth, and
self-modification parameters.

stt = f(st,00,T sm) @

Initial cell states and neighborhood conditions are defined via GIS raster input data
read into the model at the start.

As Table 1 and Figure 3 show, the input layers comprise the terrain’s slope, areas
excluded from development (water bodies, protected natural areas, and military; Figure 3A),
as well as the transportation infrastructure (roads, railway, and metro stations) and observed
urban extent (both Figure 3B). Transportation and built-up layers contain information
evolving over time and are therefore updated during model runs. For the case of Pune, the
input data have a resolution of 7.5 x 7.5 arcsec (approx. 225 m x 225 m) cells, covering a
space of approx. 130,000 cells.

Table 1. Spatial model input data. All spatial data layers are reprojected to EPSG 4326 and rasterized
in model resolution. For further details, see Supplementary Materials.

Data

Description Source

Slope layer

Hill slope (%) derived from Cartosat DEM [73]

Exclusion layer

Areas excluded from urbanization. Defined by OpenStreetMap’s
land-cover /land-use classes water body and military, as well as protected [74,75]
areas as per the IUCN database.

Historical and current road and railroad network, as well as major
infrastructure projects under construction (Pune metro, PMR ring road), based

Transportation layer on digitized /geo-located SOI Toposheets, OpenStreetMap, and Planning [75,76]
documents. Years: 1975, 1990, 2000, 2030
Multi-temporal raster layer of built-up area. Global Human Settlement Layer
Observed urban extent (GHSL BUILT). Years: 1975, 1990, 2000, 2014, 2015, 2020 [2,50]
o Spatially distributed population derived from Global Human Settlement
Population distribution Population Layer (GHSL POP) 2020. [42]
Administrative boundaries within the PMR on village/ward level and
Census data . [48]
associated census data.
Land cover Land cover base map for calculation of urban land conversion: [77]
ESA WorldCover
Flood lines Digitized / geo-located blue and red flood lines issued by Pune Flood Control [78]

Based on these inputs, the suitability of cells to be urbanized is calculated dynamically.
To determine whether a cell is suitable to be built up in a given time step, the two factors
slope and gravity, i.e., the distance to urban areas and transportation infrastructure, are
used. While the slope is a standard variable in most urban CAs, CitySCAPE’s inclusion
of a gravity layer—based on distance decay functions for each cell to urban areas and
transportation (see Figure 3C)—is motivated by studies highlighting the importance of
proximity effects on the urban form in growing (mega-) cities [72,79,80]. The weight of
the two parameters, as well as the distance decay function’s form, is determined during
calibration. With changing urban extents and transportation networks, the cell’s suitability
is recalculated periodically, always containing a component of stochastic perturbation.

Once the suitable cells are identified, the total number of cells to be urbanized in
the given time step, as defined a priori during scenario estimation, is placed on the map
following four distinct growth types (see Figure 4): infill growth, i.e., the development of
the areas within urban areas; urban sprawl, the spreading of the city at the fringe; ribbon
development, the growth of the city along the transportation infrastructure; and scatter
development, the spontaneous development of land in the periphery. These four types are



Land 2023, 12, 1051

8 of 21

slightly modified versions of SLEUTH’s growth rules. All types have been found in Pune’s
historic development [51]. The number of cells allocated by each growth type is defined
via growth parameters during calibration.

I \ater Body

I rrotected Natural Area
", Military Cantonment

I Built-up Area 2020
Transportation Infrastructure

—— Motorway
Trunk Road
Primary Road
Secondary Road

*  Railway Stations

Slope [%]
0 100
Gravity Effect

L

Low High
N 0 10 20km
Slope based on Cartosat DEM India.
Water body, military, and
transportation data ©

OpenStreetMap and Survey of India.
Built-up Area based on GHSL BUILT.

Figure 3. Building the model landscape, here for PMR and the year 2020: (A): physical properties
(slope, excluded areas); (B): transportation infrastructure (roads, railway, and metro stations) and ob-
served urban extent (“seed layer”); and (C): gravity to urban areas and transportation infrastructure.

A - InfillGrowth > ;&\\' N B - Sprawl Growth gl
Urbanization of 53 e Urbanization of f
suitable cells with ?1 )k ' suitable cells with ,/
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Figure 4. Schematic illustration of the four growth types (clockwise) with the hypothetical shape of
Pune assuming the city grew only by this type from 1975 to 2014. (A): Infill growth (red), (B): sprawl
growth (dark blue), (C): ribbon growth (blue), and (D): scattered growth (purple).
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Self-modification is implemented by periodically altering the growth and suitability
parameters. Studies paint a clear picture of decentralization, fragmentation, and increasing
complexity of (mega-) cities associated with increasing size and maturity [81-84]. We
use these observations to provide a simple self-modification module based on the two
parameters form change and suitability change, which—in combination with the parameters
of the current urban form—modify growth parameters every fifth time step. These change
parameters are calibrated alongside the growth parameters.

The CA is calibrated via brute force, comparing the observed built-up area with
multiple averaged Monte Carlo model runs. With calibration runs starting in 1975, three
time steps are used for comparing observed and modeled expansion: 1990 (t = 14), 2000
(t =24), and 2014 (t = 38). Suitability, growth, and self-modification parameters can take
values between 0 and 100. We use a composite calibration metric across all time steps based
on the product of R? of mean slope, mean X-coordinate, and mean Y-coordinate, as well as the
number of edges, and individual urban clusters. The metric is a variation of the Optimum
SLEUTH Metric (OSM) developed by Dietzel and Clarke [85]. In addition, visual checks
guide calibration by comparing modeled and observed urban forms in GIS for different
parameter combinations. This is particularly relevant in case of similar OSM results among
diverging parameter combinations during a calibration run. During calibration, a rigorous
regime of parameter convergence is followed, in which the parameter space is repeatedly
divided in half over six rounds. For proper model validation, runs on independent datasets
are critical [21]. We use layers of observed urban expansion for 2015 and 2020 for a cell-
by-cell comparison with single-run model results, as well as a spatial pattern analysis via
mean slope, mean X-coordinate, mean Y-coordinate, the number of edges, and clusters (cf. [86]),
and further accuracy-based validation approaches based on a contingency matrix (see
Supplementary Materials). The validation of land use models has been the subject of
debate for decades [87]. Simple crisp accuracy tests have limited the explanatory value in
determining allocation disagreement due to their dependence on model size and urban
complexity. Hence, we follow the METRONAMICA approach [88] and evaluate the results
with Fuzzy Kappa and Fuzzy Kappa Simulation metric developed by van Vliet et al. [89] to
assess the grades of similarity beyond slight disagreements (cf. [90] for a similar approach).
A fuzzy similarity map yields cell values ranging from 0 (fully distinct) to 1 (fully identical).
While Fuzzy Kappa compares the total urban extent including historical growth, Fuzzy
Kappa Simulation is limited to newly urbanized cells within the validation period [91].
Cell values are calculated based on a distance decay function in a neighborhood of 16, and
a halving distance of 8 cells, respectively.

Future simulations are generated by running the model from the latest observed point in
time (2020) with calibrated parameters. CA models purposefully possess stochastic perturbation,
leading to different results in every model run. We, therefore, generate both individual built-up
maps to assess and visualize the urban shape as well as built-up probability maps in which
Monte Carlo simulations generate average maps of multiple (e.g., 10 or 100) model runs. Cell
values in probability maps close to 1 correspond to a high probability of urbanization, while
values close to 0 represent cells unlikely to be built up in the future.

2.5. Dasymetric Mapping—DPopulation Distribution over Built-Up Area

With dasymetric mapping as developed by Mennis [92], the population of an ad-
ministrative area is distributed by using built-up density as ancillary data (cf. [41]). In
CitySCAPE, dasymetric mapping is conducted in two steps: first, a population base map
for the latest observed year (2020) is generated with input data on the village level. Then,
projected future changes in the population on the PMR level are added /subtracted. The
generation of a base map instead of directly using existing global population grids, such
as GHSL POP, is optional but greatly increases consistency with existing census data [48]
since it allows for a more fine-grained distinction between administrative units.

For preparation, CA’s 10-run built-up probability maps generated in 2.4, as well as
the latest observed built-up and population data (GHSL BUILT and GHSL POP 2020),
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are resampled from 7.5 x 7.5 arcsec to 30 x 30 arcsec. The resulting cells are sorted into
160 urbanization classes defined by their share of built-up land between 0 (no built-up area)
and 1 (fully built-up). The observed data are used to compute a population density fraction
of each of the 160 urbanization classes. It indicates the relative difference in population
density among the urbanization classes and is estimated individually for each subdistrict
within the PMR via linear regression. For the 2020 base map, the total PMR population as
derived in Section 2.3 is distributed across all villages/wards according to their share as per
census. Via dasymetric mapping, each village’s/ward’s population is then distributed over
its grid cells according to their urbanization class. For distributing the yearly population
change of each urbanization scenario from 2021-2050 (including local shrinkage), the base
map’s dasymetric mapping approach is slightly modified: to not constrain future flows
between regions of the PMR, we use the PMR totals, not village/ward estimates as the input
for the distribution. We further assume the population density fraction to remain constant
in the future for each subdistrict. Importantly, this only relates to the relative difference in
the population density of cells with a higher and lower built-up share—the actual density
changes. A typical question in dasymetric mapping is how to deal with non-built-up cells.
Remote sensing and the subsequent resampling of built-up land omit smaller, dispersed
residential structures. In the model, we therefore assign a population density fraction to
the non-built-up class as well. To reflect the different urbanization trajectories of the three
scenarios (BAU, HiUrb, LoUrb), we discount this fraction to varying degrees in future
projections (see Supplementary Materials). The dasymetric mapping model is implemented
in Microsoft Excel/ VBA. It ultimately generates a base year map as well as yearly estimates
for each scenario of population totals per cell, and the population density in persons/km?.

2.6. Sustainability Assessments

Further GIS and statistical analyses are conducted on the built-up and population
maps created in Sections 2.4 and 2.5: changes in the spatial shape of the city are calculated
using the established indices Mean Perimeter to Area Ratio (MPAR), Contrasting Edge Ratio
(CER), and Patch Density (PD), respectively (cf. [83]). Population density, defined here as the
number of people per square kilometer within an administrative area (in this case the PMR
or PMC/PCMC), is calculated, as well as built-up area population density, i.e., the ratio of
population and built-up area (cf. [93]). Furthermore, multiple single-run built-up maps are
combined with a recent high-resolution land cover layer (WorldCover; [77]) to estimate land
conversion between 2020 and 2050. For flood risk estimation, we combine both built-up
probability maps and population density maps with official flood risk demarcations: in
Pune, the most widely used flood levels are the blue and red flood lines corresponding to
the “danger level” (25-year flood event) and “disaster level” (100-year flood event) [78].
Since these lines have repeatedly been surpassed in recent years and shown in simulations
to be overly optimistic [94], we additionally create a 1 km corridor around the Mula and
Mutha rivers of a potentially elevated food risk. Since the latter is not based on topographic
and hydrological observations, it serves for illustration rather than an exact analysis. To
estimate affectedness, we compute the area and number of affected people based on model
outputs and cell overlap with the respective flood risk demarcations.

3. Results
3.1. Model Fitting and Calibration for Pune

In this section, we present selected results of parameter estimates and model perfor-
mance for the case of the PMR. Further, goodness-of-fit tests are found in the Supplementary
Materials. For the beta regression, the coefficient estimates, as well as standard error, z- and
p-value are presented in Table 2. All coefficient estimates are highly significant (p < 0.001).
For residual diagnostics, see Supplementary Materials.
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Table 2. Coefficients and summary statistics of the Beta Regression Model (Equation (4)).
Coefficient Estimate Std. Error z-Value p-Value
(Intercept) 9.74348 0.36972 —26.35 <2 x 10716
log(POP_norm) 1.19208 0.03357 35.51 <2 x 10716
log(DDPpc) 0.14115 0.03621 3.90 9.68 x 1075

The CA module calibration results are presented in Table 3: part A provides final
parameter values, part B the R? of the five calibration metrics and the total score. In
terms of the validation results, over 10 validation runs, a mean Fuzzy Kappa of 0.96, and
a mean Fuzzy Kappa Simulation of 0.55 were achieved for the PMR. For the landscape
pattern validation, we compare multiple-run averages with the observed data. The location
parameters mean slope, mean X-coordinate, and mean Y-coordinate, as well as the morphology
parameter number of edges, show on average an agreement above 95% between the modeled
and observed layers. The results and goodness-of-fit statistics of the linear regression in
dasymetric mapping are found in the Supplementary Materials.

Table 3. A: Final parameter values for PMR after six rounds of calibration for suitability growth and
self-modification parameters. B: Results of the final calibration round for five individual metrics and
compound score.

A

Suitability Parameters

Growth Parameters Self-Modification Parameters

Slope Resist.

Gravity | Infill  Sprawl Ribbon Scatter | Form Change  Suitabil. Change

Calibrated Value

15.0 50.8 445 47.7 83.6 3.9 —47.7

2
B Slope R%(cor R%/cor R%dge R%,’luster Total Score(HRi )
Calibration Result 96.8% 72.9% 67.1% 96.9% 88.6% 40.7%

3.2. Model Results Pune

A general overview of the three urbanization scenarios is provided in Table 4 and
Figure 5. In all cases, we find marked growth in terms of population, economy, and built-up
land. Depending on the scenario, the population increases by 3.4 to 5.7 million by 2050.
Notably, rural-urban migration as a potentially major growth engine [95] is not captured
explicitly by the regionalized SSPS due to lacking data, suggesting conservative projections.
The DDPpc more than doubles in LoUrb and almost quadruples in HiUrb. Demographic
and economic development jointly drive Pune’s physical expansion, projecting an increase
in the built-up area between 58% and 103%. Under BAU conditions, the beta regression
model predicts 90 4 30% growth, corresponding to the conversion of 325 4 109 km? of
land (10.83 + 4 km? per year). For comparison: between 1990 and 2020, the urban land
conversion was only 206 km?, i.e., 6.88 km? per year. Population is the more influential
driver of built-up growth, confirming previous findings for India [10]. Due to its steep
increase, however, economic growth contributes significantly as well.

Table 4. Projected development of PMR’s population, economy, and built-up extent according to
three urbanization scenarios.

Base Year BAU (SSP2) HiUrb (SSP1) LoUrb (SSP3)
2020 2030 2040 2050 2030 2040 2050 2030 2040 2050
Population [millions] 9.1 109 12.6 14.1 114 13.3 14.8 10.2 11.3 12.5
Change to 2020 [%] - 19 38 55 25 46 61 11 23 36
DDPpc [1000 INRyp10] 2155 4159 579.8 707.7 449.0 655.3 834.6 371.8 462.9 500.4
Change to 2020 [%] - 93 169 228 108 204 287 73 115 132
Built-up Area [km?] 362.2 482.0 590.4 687.2 510.7 637.3 734.4 440.1 506.6 5719
Change to 2020 [%] - 33 63 90 41 76 103 22 40 58
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Figure 5. (Left) Historical population development and future projections for PMR, in millions for
HiUrb, BAU, and LoUrb scenario, based on downscaled SSP 1-3. (Right) Historical development
and future projections of built-up area in km? for PMR. Exemplary standard errors are indicated in
hatched blue for the BAU scenario (SSP2).

Pune’s physical shape will likely remain on its trajectory of rapid expansion and
increasing fragmentation. Figure 6 shows the built-up probability for PMC and PCMC
under BAU conditions. Future expansion can mainly be expected in Pune’s fringe area
and along the transportation infrastructure. We see growth towards the north (shift in the
center of gravity of around 1.5 km) and east (approx. 0.9 km shift), despite the dynamic
development along the Pune-Mumbai corridor. In the south and southwest, the foothills of
the Western Ghats create a less attractive topology for development, reflected in significantly
lower growth. With regards to land conversion, 51% of the projected newly built-up land
in 2050 (BAU scenario) takes place on formerly agricultural land, primarily found in the
northwestern periphery (Figure 7). This corresponds to a loss of 167 km? of arable land
within the next 30 years. Additionally, 71 km? of vegetated natural land (forest, shrub-, and
grassland) are expected to be lost to construction, found in the city center as well as the
Western Ghats. Both estimates are likely conservative due to the imperfect matching of
2020’s WorldCover and GHSL BUILT datasets (see category “Built-up (prev.)” in Figure 7).
In general, we find that Pune’s complexity, discontiguity, and especially fragmentation
continue to grow in the future. Consequently, MPAR and CER increase slightly by 2.3%
and 3.4%, and PD almost triples in the BAU scenario, indicating a large number of small
additional urban patches in the PMR.
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Figure 7. Exemplary land conversion between 2020 and 2050 for BAU scenario in PMR. Detail A
shows the high expected tree cover loss in the city center. Detail B shows that in the periphery,

especially towards the northwest, agricultural land is expected to be lost (see also detail B). Chart

in the bottom right: mean conversion over 10 model iterations. Source land cover: WorldCover by

Zanaga et al. [77].
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In terms of population density, we see increases under all three scenarios throughout
the PMR (see Figure 8). Peri-urban areas (the PMR outside PMC and PCMC) experi-
ence a moderate increase of 49% under BAU conditions from approximately 300 to 450
persons/km?. In contrast, the average population density of the PMC increases by 74%
from 5600 to 9800 persons/ km?2. In the HiUrb scenario, the PMC’s density increase reaches
86%, and in LoUrb, 39%. When looking at the built-up area population density, the picture
is different: within the PMC/PCMC, the built-up area population density remains constant
at around 21,500 persons/km? (BAU scenario), indicating that demographic and physical
growth in the core city is balanced. In peri-urban areas, it declines from approximately
60,000 to 17,000 persons/km?, i.e., the built-up area grows faster than the population. No-
tably, the peri-urban built-up population density in 2020 is significantly higher than in the
core city, owing to the underestimation of small residential structures in the remotely-sensed
built-up data.

With regards to flood risk, we estimate the current and projected built-up area and the
number of people within the three flood risk demarcations of the blue and red lines, as well
as the 1 km corridor (yellow line). Satellite imagery confirms that the city has encroached
into the riverbanks in the past, showing both informal and formal settlements within the red
and blue flood lines. As Table 5 indicates, we estimate that 146,000 (blue line) and 193,000
(red line) people reside in the areas today already. If no effective development restrictions
are implemented in the future, the built-up area and the number of residents are expected
to increase significantly in all three flood risk demarcations (see detail of population map
in Figure 9). Construction and population growth are higher in each of the three flood risk
demarcations than the average of PMC and PCMC. Almost 0.9 million additional residents
are projected to live within the yellow corridor in 2050, and approximately 95,000, and
30,000 within the red and blue flood lines, respectively.

Pune Metropolitan Region
Population Projection BAU Scenario (SSP2) - 2050

HiUrb (SSP1) 2050

Population Density

[Pers./km?]
<1015
- 102
25
0 10 20km ] 20
— yg
. 10%
Esri World Hillshade source: Esri, Airbus DS, USGS, NGA, NASA, CGIAR, N . 10%
Robinson, NCEAS, NLS, OS, NMA, elsen, ijk GSA, 4.5
LoUrb (SSP3) 2050 Geoland, FEMA, Intermap, and the GIS user community. * 210%

Figure 8. Population distribution in PMR in 2020 (upper left corner), and 2050 for BAU (large map),
HiUrb (center left), and LoUrb (bottom left). For better visibility, color increments relate to the log
scale. Estimated via dasymetric mapping based on CitySCAPE model outputs and data by Pesaresi
and Politis [50], Schiavina et al. [42], and GOI [48].
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Table 5. Built-up area (in km?) and population within blue and red flood lines, as well as a 1 km
corridor around the Mula and Mutha river for the years 2020 and 2050 (BAU scenario, PMC and
PCMC).

Total PMC and PCMC Blue Flood Line Red Flood Line 1 km Corridor
2020 2050 2020 2050 2020 2050 2020 2050
Built-up Area [ km?] 327.00 493.89 4.90 8.55 6.61 11.48 47.40 73.45
Increase [%] 51% 75% 74% 55%
Population [in 1000] 6997 10,852 146 243 193 322 1269 2164
Increase 2020-50 [%] 55% 66% 67% 70.6%
Pune City

Population Density in Flood-prone
Areas - BAU Scenario (SSP2) 2050

Pop. Density

[Pers./SqKm]
5101.5

B 1

B 0

B

B s

B o

W >0

Figure 9. Flood risk map: population density under BAU scenario (SSP2) in 2050 and blue, red, and

Cantonments

1-Km Corridor
[C] Red Flood Line
["1 Blue Flood Line
Il Water Body

yellow (1 km corridor) flood lines.

4. Discussion

Our results show how global population scenarios can be translated into local tra-
jectories of land-use change and population density. This is highly relevant in times of
rapid urbanization, where cities search for sustainable and resilient development paths.
The ex-ante definition of population and built-up totals via scenario downscaling and beta
regression is more resource-intensive than simple CA models, where built-up demands
are endogenously determined. It allows the user, however, to flexibly and transparently
compare different future narratives across regions and scales, and it increases interoper-
ability with other scenario-based models [11,16]. For instance, we find in our analysis that
the local impacts of scenarios can deviate substantially from their global parents: while
SSP1, the basis for our HiUrb scenario, is termed “Sustainability—the green road” and SSP3
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“Regional rivalry—a rocky road” on a global level, we find HiUrb’s strong urbanization
pressure to have the most severe impacts on the sustainability and resilience in the Pune
Metropolitan Region.

The use of scenario corridors, rather than single predictions, reduces the risk of missing
future trajectories. For Pune, differences among the three scenarios are significant: in only
30 years, the HiUrb scenario leads to 2.3 million more residents in the PMR than LoUrb. In
any case, expected population growth is rapid, surpassing previous estimates: Hoornweg
and Pope [96] projected the metropolitan population based on the UN’s World Urbanization
Prospects to reach 10.9 million by 2050, which is even below our LoUrb estimation.

On the other hand, the breaking down of global scenarios to concrete manifestations in
terms of land-use change and population distribution on the ground—provides actionable
information for local planning: In Pune, the doubling of the built-up area in the next
30 years as expected by the HiUrb scenario, with BAU following closely, and the expected
future densification of the population pose potentially serious challenges to the city’s
sustainability and resilience. Three aspects illustrate this: (1) the increasingly concentrated
resource demand in the city center, (2) developments on high flood-risk land, and (3) the
loss of farmland in the fringe area.

(1)  With up to 49,000 dwellers per km?, Pune’s urban core is already today extremely
crowded. Our results show that its peak density will further increase, especially since
the expected population growth will not distribute evenly across the metropolitan
area but concentrate in the urban center and along the transportation infrastructure.
In the BAU scenario, the maximum density reaches 60,000 persons/km? by 2050 in
PMC. Contrasting the population density with the built-up area population density,
which does not increase, points to the need for adequate and comparable metrics.
Overcrowding has been highlighted as a key challenge in Pune’s Food-Water-Energy
nexus during co-creation workshops in 2019 and 2020: already today, water, electricity,
and the transportation infrastructure are barely satisfying growing demands [97].
For example, the insufficient piped water network has led to the drilling of more
than 100,000 borewells in the city, extracting approximately 113 million m?/year of
groundwater, a fourth of the piped supply [98]. If the demand continues to outpace
the municipal supply, a massive overuse of groundwater, as well as growing tanker
water markets, can be expected.

(2) Pune has suffered great losses during recent floods. The flood risk of a particular
location depends on many factors and our analysis can only be a first approximation.
We see, however, two trends potentially aggravating the situation: the significant
inner-city surface sealing due to ongoing construction, and disproportionally active
developments around the Mutha and Mula rivers, especially in the northern PMC. It
should be noted that current or future policies to restrict development within flood-
risk areas are not implemented in the model. Here, future work on the simulation
of the effectiveness of different riverbank protection schemes, as well as the city’s
controversial riverfront development plans, could yield valuable insights.

(3) Over half of the land conversion in the BAU scenario is projected to take place on
agricultural land. This is an even higher share than in the past and may exacerbate
the adverse effects on local food security and rural livelihoods postulated by Garud
and Rao [52]. From an ecological perspective, the sharply increasing fragmentation of
the PMR’s landscape is particularly problematic due to the partitioning of habitats in
the fringe area, reducing ecological connectivity [99].

Naturally, each of the model parts and their combination come with uncertainties
and limitations. While the statistical tests attest good performance of beta regression
and cellular automaton, the path dependencies inherent to dasymetric mapping that uses
today’s relationship between the built-up area and population density fraction for future
estimation should be kept in mind. Despite their limitations, however, population density
maps add an entirely new dimension to urban growth projections, as our estimates of
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potentially flood-affected people illustrate. In any case, the scenario projections for 2050
should not be mistaken as predictions but as examples of possible futures.

5. Conclusions

The highly dynamic development of urban areas in many parts of the world requires
long-term urbanization models that are based on established socio-economic scenarios,
closely attuned to local conditions, and that include estimates of population distribution
in addition to the built-up area. CitySCAPE fuses spatio-statistical approaches, cellular
automata (CA), and dasymetric mapping to combine their strengths: the robust and
comparable derivation of the future population and built-up demand, the spatially explicit
mapping and of the built-up area via locally calibrated CA, and an idea where people will
live in future via dasymetric mapping. To our knowledge, this has not been conducted
previously. In Pune, we see how differently the future of a city can unravel depending
on the overarching socio-economic trends. Our spatially explicit built-up and population
analyses show that impacts are unevenly distributed across the metropolitan region and
that a generally favorable scenario (HiUrb, SSP1) can have adverse impacts on the local
level. The three urbanization challenges presented in this article serve as examples of
potential fields for application of the model suite. Further work can deepen the analyses,
e.g., by linking CitySCAPE with flood models, multi-agent systems, or spatially explicit
groundwater, energy, and agricultural models for an integrated analysis of the urban Food-
Water-Energy nexus. Efforts in this direction may include the simulation of sustainability
effects of development plans and other interventions, an explicit inclusion of (climate)
migration flows into population scenarios, a distinction between housing types (formal
and informal), or the expansion of the CA by infrastructure layers such as a piped water
network or electricity grid, and of course the application to other cities.

CitySCAPE is intended to be applied beyond academic users. The model develop-
ment started in response to stakeholders pointing out the significant sustainability effects,
particularly in terms of the Food-Water-Energy nexus, of Pune’s rapid urbanization in 2019.
We hope that the limited coding knowledge required for its operation and the extensive
documentation provided in the Supplementary Materials reduce uptake hurdles by practi-
tioners. The model’s transferability to any urbanizing region and its compatibility with
other simulation approaches allow for a broad range of applications. This may help cities
to maneuver urbanization challenges by anticipating adverse effects and exploring the
multiple opportunities it has to offer.

Supplementary Materials: All supporting information, including data, code, detailed model docu-
mentation, and further results, are provided on FigShare (https:/ /doi.org/10.6084/m9.figshare.2152
4556) (accessed on 8 May 2023).
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