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Urban land-change forecasts can facilitate understanding causes and consequences of land changes
due to urbanization. Yet, we do not know why these forecasts are generated, how reliable they are, and
what they collectively tell us about future urbanization. Through a systematic review, we identified 601
papers reporting urban land-change forecasts: 518 papers for 322 case-study locations in 73
countries, 71 for large regions, and 12 for global analysis. In 44% of these, the motivation is simply
forecasting future urban land. Accuracy and uncertainty assessments continue to be neglected. An
ensemble of global forecasts suggests urban land may range from about 0.9(1) to over 2.5(5) million
km? by 2050(2100). Forecasts from the Global South are increasing but understanding of future urban
land expansion remains uneven across city sizes and geographies. Progress on real-world relevance,
reliability, and representativeness of urban land-change forecasts will greatly advance their potential

to inform policies.

The physical expansion of urban areas leads to lasting impacts on landscapes
and livelihoods'. Urban land expansion as well as the concentration of
people, economic activity, and resources in urban areas impact many
aspects of the Earth system from biogeochemical cycles to local climate to
biodiversity’ while putting disproportionately large portions of human
population and infrastructure at risk from natural hazards’. However, these
same factors also present an unprecedented window of opportunity to chart
realistic paths for urbanization towards global sustainability*. Under-
standing the social, economic, and biophysical dynamics behind urban land
change and how these may unfold into the future is critical to navigate the
multitude of trade-offs between the opportunities and challenges brought
about by urbanization.

In this respect, forecasting urban land change can be instrumental in
developing a deeper, integrated understanding of the dynamic processes
underlying, and consequences of, changes in urban land composition and
configuration® and how these may unfold in the future’. Therefore, urban
land change models (LCMs), as virtual laboratories to test our assumptions
on processes and patterns of urban land change, hold significant potential to
help better understand how socio-economic processes and biophysical
factors lead to urban land change and hence help uncover the interactions of
urbanization with broader global change processes™*”*. To date, there have
been several reviews of urban LCMs. Most of these reviews covered in depth
the mechanistic details of various methodological approaches’* while
others focused on aspects of inputs and drivers'“"”, performance', or

assessment'’ of various urban LCMs (see Supplementary Note 1). Conse-
quently, each of these reviews had a limited emphasis on particular aspects
and practices of urban land change modeling. However, there has been little
attention on urban land-change forecasts themselves in terms of their
representativeness of geographical and temporal trends of urbanization,
their reliability, and motives behind their development.

Here we present a comprehensive synthesis of urban land-change
forecasts, based on a systematic review, guided by three questions: (1) To
what extent, do the existing urban land change forecasts capture the geo-
graphical and temporals trends in urban land change? (2) How reliable are
these forecasts? (3) Why are they generated? Based on our findings, we then
propose future directions for urban land change forecasts to remain relevant
and informative to address the intensifying challenges that urbanization and
broader environmental changes bring on.

Results

Global urban forecasts range widely

Out of the 601 papers included in our systematic review (Supplementary Fig.
1; see Methods), twelve presented global forecasts, most published over the
last five years (Supplementary Table 1). Six and seven of these papers,
respectively, presented forecasts to 2050 and 2100 using scenarios aligned
with the Shared Socioeconomic Pathways (SSPs) of the IPCC (Fig. 1; Sup-
plementary Table 2). There is broad agreement among these forecasts that 1)
urban land expansion will be significant, especially in developing regions
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Fig. 1 | Global forecasts of urban land expansion under the five SSPs. Seven of the
twelve global forecasts developed based on SSPs have forecasts for 2050 (a); six for
2100 (b). Regional breakdown according to the IPCC. (A) Gao & O’Neill (2020), (B)

Chen et al. (2020), (C) Lietal. (2019), (D) Huang et al. (2019), (E) Chen et al. (2022),
(F) Gao & Pesaresi (2021), (G) Li et al. (2021), (H) Mean across all forecasts, (I)
Median across all forecasts.

and 2) by 2100, we expect the least urban expansion under SSP1 (sustain-
ability) and the most under SSP5 (fossil fuel-intensive development).

However, there is substantial variation among the forecasts, not only
across the five SSPs but also among the studies for any given SSP. Across the
five SSPs, the forecasted global urban land ranges from about 0.9 million to
over 2.2 million km® in 2050 and from 1.0 million to over 4.5 million km® in
2100 (Fig. 1, Supplementary Table 2). The median share of global urban land
that is in developed countries is expected to change, from around 38% in
2015, to anywhere from 23% (SSP2) to 39% (SSP1) in 2100. The ranges
across the studies are also large: The widest range of forecasted global urban
land for a particular SSP is observed among those for SSP5 (1.3 million km®
to 4.6 million km®) whereas the narrowest is observed for SSP3 (regional
rivalry) (1.0 million km’ to 2.0 million km?). Even for SSP3 with the nar-
rowest range, the difference between the highest and lowest forecasted urban
land in 2100 is more than the largest estimate for urban land cover circa
2015. Similarly wide ranges exist in each region across the SSPs as well as
across the forecasts for each SSP (Fig. 1). Notably, even for Developed
Countries, whose urban transition is generally considered complete, new
urban land area could range from 23,000 (SSP3) to 573,000 km® (SSP5) by
2050, and from 38,000 (SSP3) to 1.7 million km® (SSP5) by 2100.

Almost half of all local studies come from only three countries
Over 85% of the papers have specific case study locations (i.e., reports
forecasts for a single city or a metropolitan area as opposed to global,
regional, or country-wide forecasts). Between 2002 and 2009, each year,
fewer than three papers with local case studies were published and they
constituted nearly 70% of all papers published. Since then, the average
number of papers with local case studies published each year reached 40
(84%) with particularly large increases over the last three years (Sup-
plementary Fig. 2). The corresponding percentage of regional (country-
wide or larger) forecasts, on the other hand, decreased from about 30%
to 12%; still, over half of all regional forecasts were published in the last
three years.

Forecasts of urban land have been reported for a total of 322 distinct
case study locations from a total of 73 distinct countries since 1996, the first
year an urban LCM was published (Fig. 2 and Supplementary Fig. 3B). In
line with the increasing number of papers published every year, a larger
number of distinct case study locations from a larger number of distinct
countries appeared in the literature over time. Still, one third of all case study
locations in our review are in China (100 case study locations) followed with
a wide margin by India (42 case study locations) and Iran (23 case study
locations) (Supplementary Fig. 3C). The case study locations from these
three countries constitute 45% of the total number of unique case study
locations in our review. In comparison, there are only 25 and 12 case-study
locations, respectively, from Africa and South America. Nigeria and Egypt
accounted for over one-third of all case-study locations (and 47% of case
studies) in Africa (Supplementary Figs. 3B-C, 4). Among the case study
locations, Wuhan in China ranks first with the highest number of case
studies (n =28), followed by Beijing (12 case studies), and Tehran and
Tianjin (10 case studies each) (Supplementary Table 3).

Most case study locations are cities with over 2 million
inhabitants

There is also a clear bias across the forecasts towards large urban areas (i.e.,
more than 2 million in population) (Fig. 3). The number as well as the
proportion of cities studied in each city-size category increase with
increasing city size for all the regions combined, which also broadly holds for
individual regions. This large-city bias is most apparent in China, India, and
the North America but also in Africa and Europe. Overall, cities larger than 2
million people constitute 50 percent of case study sites in our review
although these cities constitute only 14 per cent of the total number of cities
with a population larger than 300,000 people'.

Accuracy of most forecasts is poorly evaluated
While the proportion of forecasts without any information on their accuracy
at all has tended to decrease over the past decade (Supplementary Fig. 5),
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Fig. 2 | Geographical distribution of local case studies and their locations. The
locations of case study sites and the number of case studies for each are shown along
with the total number of case study sites in each country with at least one case study
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site. Countries with no case study sites are shown in light gray. Altogether, we
identified 522 case studies for 322 case study locations from 73 countries.

they still constitute almost one-fifth of the papers in our review (Fig. 4).
Further, that decrease seems to be compensated largely by reporting of
Kappa only, a misleading and outdated measure of accuracy'® (Supple-
mentary Fig. 5). Together, the two groups account for nearly half of all the
papers. On the other hand, for about 25% of the forecasts, more than one
measure of accuracy are reported (Fig. 4). Not reporting any accuracy
measure or reporting only Kappa’s use as the sole accuracy measure is the
most common among local forecasts compared to regional and global ones
(Supplementary Fig. 6). Another prevailing issue in the urban land change
forecasts is the reporting of only the agreement between reference and
simulated urban at the end time point of the validation interval, and not the
agreement between reference change and the simulated change during that
interval”'. This may be misleading because such comparison fails to describe
the change over the validation interval.

Calibration and validation intervals collectively span from late 1960s to
early 2020 s (Supplementary Fig. 7). However, from the mid-1980s to early
2000s and from the late 1990s to mid-2010s are the most frequently covered
intervals for calibration and validation, respectively. From the mid-2010s to
2030 is the most frequently covered interval for forecasts with a steep decline
after 2030 and then another after 2050. There are a few studies (1 = 15), most
global, that present forecasts out to 2100. Still, nearly half of all the papers do
not report either a calibration or a validation interval (Fig. 5, Supplementary
Fig. 7). Furthermore, even among those that report at least one of the two,
most adopt forecast horizons that are several times longer than the sum of
their calibration and validation intervals (Fig. 5).

Uncertainty is largely neglected

Nearly 60 percent (354 out of 601) of the papers did not implement any
analysis to explore the implications of uncertainty either in their data or in
their assumptions. Of the rest, most (n=238) incorporated a scenario
approach to address uncertainty or for policy analysis (Fig. 6; Supplemen-
tary Table 4). A few studies (n=15) also analyzed stochasticity in their
modeling framework to capture the uncertainty in the various input data or
in the processes represented in their models, six of them together with
scenario analysis; however, even fewer reported the range of uncertainty in
their probabilistic forecasts. Implementation of scenarios and stochastic
approaches have increased slowly over the past decade. Still, less than half of

the studies published over the past three years of the time frame of our
review did so (Supplementary Fig. 8).

Less than 40 percent of local and regional studies incorporated a sce-
nario approach (Supplementary Fig. 9A). Papers from China had the most
variety in the types of scenarios implemented followed by the US (five and
four, respectively) (Supplementary Fig. 9B). On the other hand, ten out of
twelve global studies accounted for uncertainty in their forecasts, by
employing stochasticity (three studies), scenario analysis (nine studies) or
both (two studies) (see Supplementary Table 1).

Policy options in scenarios are typically defined by the researchers
themselves. Only about 7% (44 papers) formulate their scenarios to
understand how specific local, regional, or national plans influence urban
land expansion and resulting socio-economic, environmental, or land-use
implications in their respective case study locations. Of the papers that
utilized a scenario approach, the SSPs inform a majority of the global papers
while only a few regional and local ones utilized them (Supplementary
Tables 1 and 4, Supplementary Fig. 9A).

None of the forecasts incorporated heterogeneity in urban

land use

None of the studies reported forecasting different categories of urban land
uses, built-up densities, or verticality of urban built-up land. Several studies,
however, conducted quantitative accuracy assessment of the forecasted
spatial patterns of urban land expansion (Supplementary Fig. 10). Yet, only
few of them included specific mechanisms (often patch-based approaches)
to specifically forecast spatial patterns of urban land expansion (see Sup-
plementary Data 2).

Nearly half the studies do not state any particular motivation
beyond forecasting urban expansion

Forty-four % of all the papers in our review did not state any explicit
implication or methodological novelty (i.e., developing a new land change
model or significantly altering an existing model) as their main motivation
for developing the forecasts (Fig. 6 and Supplementary Fig. 11). Further-
more, their percentage among papers published each year has remained
about the same over the last ten years of our study period (Supplementary
Fig. 11B). Of the rest, urban impacts on biodiversity and ecosystem services
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Fig. 3 | Size distributions of case-study cities in our review and cities from the World Urbanization Prospects (WUP) 2018 revision'®. The comparison, by region and
across all regions, includes all cities with over 300,000 people according to the WUP 2018.
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Ratio between Forecast span &
sum of Calibration and Validation span

validation interval, grouped by the spatial scale of analysis. The box-plots show the
upper and lower quartiles and the median. The red dashed line is one-half line that
corresponds to the one-half rule-of-thumb mentioned in the text. The number of
papers in each group shown at the top of each corresponding box-plot.

constitute the main motivation in nearly 16% of the papers (95 papers).
Another 12% focus on more than one impact and typically in the context of
trade-offs. Notably, only 3% of the papers developed forecasts of urban
expansion to specifically study climate-related implications such as urban
heat island effect. Those that presented a methodological improvement as
their motivation made up a little over 16%.

The breakdown by motivation is broadly similar across local, regional,
and global forecasts (Supplementary Fig. 9A). Among the local case-study
locations though, those in China collectively present the widest diversity of
motivation (Supplementary Fig. 9B). Case studies from China constitute the
largest share of those studies with an emphasis on loss of croplands as well as
among those that highlight biodiversity or other ecological impacts, climate-
related impacts, or trade-offs (typically between environmental protection
vs. economic development) of forecasted urban land expansion. Case stu-
dies from the U.S. follow China in terms of the diversity of motivation. In
contrast, most studies from the rest of the world did not state a clear
motivation beyond forecasting future urban land expansion.

Discussion
Our findings highlight that, despite large increases in the number of fore-
casts published every year, developing a robust understanding of future
urban land expansion and of its social, economic, and environmental
consequences remain elusive for at least five reasons: 1) the dramatic
unevenness in coverage of urban forecasts across countries at varying stages
of urban development, and across city sizes; 2) lack of rigor in accuracy
assessment; 3) insufficient recognition of uncertainty; 4) lack of repre-
sentation of heterogeneity in urban land uses and spatial patterns; and 5)
lack of a clear purpose behind forecasts. We also identify five major stra-
tegies to address these issues.

First, there is a dramatic unevenness in the coverage of urban forecasts
across countries at different stages of urban development and across cities of

varying sizes. While the global forecasts provide a well-rounded under-
standing on broad patterns of future urban expansion across the world and
at large regional and continental scales, there is huge unevenness in geo-
graphical distribution of local urban land change forecasts (Fig. 2). Gaps in
geographic coverage are especially acute where urbanization has been and
expected to continue to be rapid such as Sub-Saharan Africa” but also in
Central and South America”. There is also an undue emphasis on fore-
casting physical expansion of large cities at the expense of those with small to
medium population sizes (i.e., less than 2 million in population) (Fig. 3).
Small-sized urban areas with fewer than 1 million people already account for
nearly 60% of the world’s urban population'®. Furthermore, it is the small to
medium sized cities that have been driving urban expansion patterns in
many parts of the world over the past forty years"****. One can argue that it is
impractical to attain representative samples that would lead to statistically
meaningful conclusions across the spectrum of all city sizes; however, what
our review reveals is that even the distribution of the number of cities studied
deviate from the distribution of cities across the spectrum indicating a bias
towards understanding future urban land change dynamics in larger cities
around the world.

Furthermore, the newer approaches and methods in model develop-
ment typically come from studies from the US and China, but the pro-
duction of papers seem to be mainly from the rest of the world, primarily
Iran, India, and Tiirkiye (see Supplementary Note 1; Supplementary Figs.
3D, E, 12). While, collectively, this body of work contributes to improving
our understanding and insight into future urban expansion, the uptake of
the newer methods and approaches is evidently much slower compared to
the increase in the number of studies.

Overall, our collective understanding remains poor regarding the
likely trajectories and implications of future urban expansion in some of
the most rapidly urbanizing parts of the world and contributes to the
broader bias in the global production of urban data®>*°. Therefore, we
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need urban land change forecasts conducted from a wider range of
geographies and city sizes, especially across large swaths of lands where
urbanization is expected to progress rapidly, for example in Sub-
Saharan Africa with its own social, economic, cultural, and biophysical
contextual factors”**. These, however, should be coupled with efforts to
overcome the evident disconnect between those who have the capacity

to develop new models or improve the existing ones and those who may
lack this capacity but have the knowledge on the local context of urban
development. The Global Land Programme (https://glp.earth/), that
aims to establish closer ties among interdisciplinary communities of
science and practice for the study of land systems and related sustain-
ability solutions, is a suitable venue to bridge these disconnected

npj Urban Sustainability | (2026)6:7


https://glp.earth/
www.nature.com/npjurbansustain

https://doi.org/10.1038/s42949-025-00308-7

Article

communities of scholars and practitioners and cultivate knowledge
sharing among them.

Second, many forecasts lack rigor in their accuracy assessment. Failure
to report any calibration or validation measures persists, a finding that aligns
with an earlier review of calibration and validation practices in land-change
modeling™. Worse, those papers that do not report any accuracy measure at
all for their urban expansion forecasts and those that rely solely on Kappa
still constitute about half of all papers published in the last few years. The use
of Kappa as the sole measure of accuracy continues likely because the good
accuracy assessment practices remain unfamiliar or impractical to a large
-and growing- body of modelers™.

It is past time to move beyond misleadingly simple measures of
accuracy such as Kappa and embrace tools that more correctly capture the
particulars of assessing the accuracy of urban land change forecasts’. There
are several methods and measures that would, compared to Kappa, give a
correct indication of the extent to which a model’s output agrees with
observed land change. These include estimates of per-class accuracy and the
confusion matrix™. The essential principle is, however, to use measures that
will be unbiased and consistent estimates of accuracy, which depends on
selecting a proper sampling approach to report the reliability of the reference
data, which in turn depends on the particular application™”. Nonetheless, at a
more fundamental level, it is also important to approach model assessment
as a process of building confidence in the model and its forecasts with
respect to a set of specific objectives™. As opposed to validation that tends to
be interpreted as a binary decision, building confidence is a gradual process
of developing trust in the output of a model that it is an adequate repre-
sentation of the real-world dynamics. Such gradual confidence building,
akin to model credibility™, is achieved not only through statistical tests, but it
also entails creating an understandable description of the real system with
the participation of all stakeholders involved™.

Third, there is insufficient recognition of uncertainty in the forecasting
process. All forecasts are subject to error or variability in the data sources
and implicit or explicit assumptions built into the model. Yet, there is a
remarkable lack of emphasis on accounting for the uncertainty in the urban
land change forecasts even though the importance of various sources of
uncertainty —from stochasticity™ to incomplete knowledge on underlying
processes”’— in land change has long been recognized. In particular, the
implicit assumption about non-stationarity (that is, assuming the past can
be used to predict the future) can be a significant source of uncertainty in
forecasts™*. The false sense of certainty single forecasts of land change
convey belies a blindness to variety and surprise, that can be misleading at
best and costly at worst. After all, surprises, such as an economic shock, an
abrupt change in policies that regulate land use, or major technological
advances that may change how people commute can all significantly alter
how much and what patterns of urban land change would occur where.
Furthermore, regardless of how satisfactory the estimated values of the
accuracy measures appear to be, the longer the forecast interval (or the larger
the ratio of forecast interval to the sum of calibration and validation inter-
vals), the wider is the cone of uncertainty associated with the forecasts.

Employing scenario analysis is a practical way to address and com-
municate the range of possibilities the future holds, including surprise
events”. However, even when a common set of scenario narratives are
employed, methodological differences including differences in assumptions
employed across the studies can lead to wide disagreements among the
forecasts for any given scenario. This is evident in the case of the global
forecasts: while differences in the forecasts across the five SSPs reflect the
range of well-documented pathways regarding future social, economic, and
technological changes, the wide ranges within each SSP reflect differences in
numerous methodological choices across the studies that are not always as
well-documented.

Several approaches to incorporate uncertainty in LCMs have long been
available, from scenario analysis***' to sensitivity analysis™** to probabilistic
approaches™**** to multi-model ensembles>*’. On the other hand, error
propagation (or propagation of uncertainty), along-established approach in
simulation modeling to quantify contribution of variability in various

parameters in a model to the variability in resulting forecasts****, is yet to be

adopted by (urban) land change modelers. Ultimately, there is a need to
develop methods that are tailored to land-change analysis* to assess non-
stationarity in spatio-temporal data®>' and even to incorporate non-
stationarity in land change forecasts. Assessing non-stationarity in the
historic data would inform whether a model with non-stationary compo-
nents is called for, the kinds of scenarios to be employed, and selection of the
forecast horizon so that the resulting forecasts are useful to make sense of the
future. The first hurdle in this respect, procuring and processing historic
land-change data that are long enough to capture potential trends, sea-
sonality, or other patterns that might indicate non-stationarity, is eased by
increasing availability of remotely sensed imagery such as the freely available
Landsat archive and methods that can process hundreds of images for land
change mapping. Finally, more attention needs to be paid to the calibration
and validation intervals in relation to the forecast horizon. A rule-of-thumb
in forecasting literature, that the forecast interval should be half the length of
the historical-data interval™, provides useful guidance in setting the forecast
horizon in relation to the calibration and validation intervals. In essence, a
humble recognition that the past only partially dictates the future should
lead to more concerted efforts to reflect the inherent uncertainty in the
forecasts due to our imperfect understanding of the real-world processes
and due to potentially trend-bending future surprises.

Fourth, existing forecasts often fail to represent the heterogeneity of
urban land uses and their spatial patterns. Only a few studies in our review
attempted to explicitly forecast composition and spatial configuration of
future urban land uses including built-up densities despite their importance
for a range of issues from urban heat island effect™ to energy use™ to
biodiversity””. Urban loss (i.., shrinkage of urban footprint) is also not
represented in the forecasts in our review. In addition to the increasing
importance of accounting for future changes in spatial configuration of
urban land, it is also increasingly untenable to treat all urban land uses with a
single ‘urban’ label considering our improved understanding of social,
economic, and political processes leading to urban land change and of social
and environmental implications of composition and spatial configuration of
various urban land uses across landscapes™*”.

Consequently, urban LCM practice needs to increasingly incorporate
the richness of urban land uses and land-change patterns™. The ability to
represent the heterogeneity of urban land uses and patterns is also closely
related to the spatial resolution of the forecasts. We note that there are
modeling studies that incorporated various urban land-uses™ or built-up
densities®, however, without a focus on how in the future these might
change. The approaches presented in these studies can be employed to
forecast future urban land expansion patterns in more thematic detail.
Depending on the spatial extent under consideration (e.g., single metro-
politan area vs global) and the purpose of the study, selecting an appropriate
spatial resolution will also be an important factor in the ability to adequately
represent urban land heterogeneity in forecasts.

Another essential aspect of urban form in this respect is verticality. A
recent study found evidence of a profound shift, particularly, in large urban
areas, from spreading out towards building up in recent decades®’. While
there are studies on how to incorporate the vertical growth in urban LCMs®,
these are in initial stages of development and a serious implementation of
such an approach in a real case study remains as an important advance to be
attained. The growing availability of 3D datasets of urban areas*, while
challenges remain in their fidelity that need to be overcome, will surely
facilitate this advance.

Finally, many forecasts are produced without a clearly defined purpose
limiting their utility to inform about implications of future urban land
expansion. Despite the uneven coverage of the various geographies around
the world, the studies in our review potentially provide valuable information
on future urban expansion trends in a diversity of contexts from around the
world. However, in many cases, the implications of these forecasts are left
completely unaddressed. Together with the unevenness in forecasts across
geographies, and city sizes, this prevents reaching a locally based but broader
understanding of the nature and scale of the likely impacts of future urban
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land expansion across varying geographies. For example, it has by now
become clear that urban areas have already started to and will continue to
bear the brunt of impacts from climate change®™. Yet, only 3% of the papers
in our review used the forecasts they developed to study climate-related
implications of future urban land expansion.

Urban land change modeling can support efforts to imagine trans-
formative futures for urban areas® by providing the analytical scaffolding to
test implications of these imagined futures. Given that global sustainability
hinges on the multiple modes of interaction between urbanization and
global change, it is important to explore broader social, economic, and
ecological implications of urban land change. Important challenges await
future urban environments with vital significance for sustainability: How
much material and energy would be needed to construct the new urban
land? How is the wildlife-urban interface expected to change across biomes
and ecosystems? How will the exposure and vulnerability of urban residents
and infrastructure to natural hazards likely to change? These are just a few of
the outstanding challenges for which we need to develop strategies and
solutions to address as our world continues to urbanize and climate change
takes its hold. Urban land change forecasts could contribute to developing
such strategies and solutions by informing where, how much, and in what
configuration and composition we expect urban land change to occur under
various future scenarios. Progress along the five areas we identified will help
ensure urban land change forecasts can inform strategic decision-making
across spatial scales as demanded by the multifaceted nature of the urba-
nization and global-change interactions.

Methods

For this review, we followed the guidelines asserted in the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement®**. The PRISMA 2020 Reporting Checklist is provided in Sup-
plementary Data 1.

Search strategy

We systematically searched the Web of Science database and extracted
relevant records that reported the development of spatial forecasts of urban
land change. We searched for peer-reviewed journal articles written in
English, indexed in Web of Science, and available online by December 31,
2022. We excluded any review articles, conference proceedings, and articles
published in languages other than English. The search was restricted to
articles published before December 31, 2022. The initial searches took place
in August 2021, and we set a weekly alert to update with the most recent
relevant publications. The final list of records was updated on October
04, 2023.

We defined a set of keywords composed of (a) type of settlements and
location, (b) focus of the modeling work, (c) type of work, and (d) spatial
aspect of LCM. We conducted a bibliographic analysis to examine the
frequency and coverage of the keywords in relation to the search results. We
calibrated the keywords to enhance the coverage and include a broad
spectrum of literature focusing on LCM to forecast urban growth.

The final search strings used in Web of Science were the following (TS
= Topic Search):

(1) TS = (urban* OR city OR cities OR metro™ OR megalo* OR built*

OR settl*)

(2) TS = (predict* OR project* OR forecast™ OR simulat™*)
(3) TS = (change* OR expansion® OR growth™ OR sprawl*)
(4) TS = ((land* OR spati* OR spat*) AND model*)

(5) TS = (1) AND (2) AND (3) AND (4)

Screening

The initial search retrieved 13,861 records from the Web of Science data-
base. After removing the duplicate records (n = 59) from the entire list, we
then screened the remaining 13,802 records in a web-based systematic
review platform, Rayyan”, and excluded 12,833 records that did not
explicitly state its focus on urban areas or did not include ‘urban’ ——or any
other relevant terms, e.g., ‘built environment’ (see Supplementary Table 5

for detailed breakdown of records returned) as one of the major land
cover classes in the three screening fields (ie., title, abstract, keywords). If
any article failed to state the use of LCM approaches as part of the methods
in the screening fields, we excluded those as well.

We then reviewed the full texts of the remaining records (n = 969) and
eliminated an additional 368 articles that did not comply with these four
criteria:

(1) atleast one spatially explicit LCM approach is used;

(2) urban land is one of the land types considered;

(3) used the model to forecast to a period in the future (relative to the
base year);

(4) does not simply re-use existing urban land forecasts that were already
published in a peer-reviewed journal.

We did not include studies that used aspatial forecasts of urban land
expansion including those that used classical economical-based models that
generate equilibrium solutions using coarse spatial units™”’. For simplicity,
we refer to the models included in our review as ‘urban LCMs’ throughout
the rest of this article. We used the institutional subscription of Texas A&M
University (TAMU) to Web of Science and open-access availability of any
articles to access the full-text of the documents. If it is not available through
any medium, we excluded those articles from the review (n=11). After
screening the full texts based on the above criteria, we were left with 601
articles. The review steps with the article numbers —total, excluded, and
included- are shared in a PRISMA diagram (Supplementary Fig. 1). The
citation information of the papers included in our review along with the
coded information are included in Supplementary Data 2.

Data extraction

Once the selection of the papers based on the inclusion criteria was com-
pleted, we used a predesigned matrix to extract specific information from
the papers. For each study, the extracted data include:

(1) geographical locations of the case studies,

(2) spatial and temporal scales of the forecast,

(3) motivation —or purpose- of the study,

(4) calibration and validation measures,

(5) calibration, validation, and forecast intervals,

(6) how uncertainty in the forecasts is accounted for, and

(7) how spatial patterns of urban land were quantified.

For geographical locations, we extracted data on specific locations
—cities, urban agglomerations with longitude and latitude- and the country.
For motivation or purpose focus, we initially extracted the study objective
and the work output. Based on the stated study objectives and reported
results, we grouped the papers based on whether they focused solely on
generating urban land change forecasts, introduced any methodological
advance, or used the forecasts to study and understand certain aspects of
land systems and impacts of land change. For calibration and forecast, we
extracted the reported start and end years, and intervals, if any. For vali-
dation, in addition to the years and intervals, we also extracted what measure
was employed to quantify the accuracy of the forecasts. Based on the
methodology, we extracted addressing uncertainty in two ways —whether
the modeling approach itself incorporated stochasticity or whether any
scenario-based approaches were adopted to address uncertainty in fore-
casting. For spatial configuration and patterns of urban land, we extracted
data on whether the studies used any metrics to quantify heterogeneity and
connectivity, and whether they classified distinct urban land uses —i.e., high-
density residential, low-density residential, commercial, and industrial. We
extracted the platform used to analyze spatial configurations and hetero-
geneity and the metrics used in the process.

We also extracted information on specific modeling approach and
whether the modeling approach used was novel. To this end, we coded
modeling approaches used in the specific study, and whether they used an
existing model, developed, and proposed a new methodology or modified an
already developed model.
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Data analysis and synthesis

To understand the spatial distribution of case studies across spatial scales, we
classified the study sites into three categories —local, regional, and global-
based on the location and extent of the study area. ‘Local” included all
studies with specific case study locations with forecasts for a single city or
metropolitan area; ‘regional’ included studies with large regional or country-
scale studies; and ‘global’ included all studies with global-scale study extent.
We geolocated all the unique local case study sites using longitudes and
latitudes. If any study had multiple case study locations, each location was
recorded. In addition to the ‘geography’ data type in Excel, we also used
Google Maps and Esri ArcGIS World Geolocator as necessary. For large
urban agglomerations or province/state-level studies, we used the largest
cities and/or respective capital cities as the location (Fig. 2). Each of these
case study locations, with their respective frequency and countries, were
then mapped to visualize the geographic distribution of local case study sites
and countries. We also classified the cities in the local case study sites into
five categories by population size. We compared their frequency in each
category to that of urban areas with a population over 300,000 people in the
World Urbanization Prospect (WUP) database for the top five countries
with the most case study locations as well as, all the regions and continents "
(Fig. 3).

We categorized the papers in our review based on the stated motivation
for developing the forecasts as well as their spatial and temporal scales. This
information allowed us to gain insight into to the extent to which these
forecasts were developed to inform addressing concerns raised in the lit-
erature in relation to the expansion of urban lands™*. Based on the stated
objectives and reported results, we grouped the stated motivation into eight
categories —land cover only (ie, no other purpose or implications was
stated), methodological improvement, implications for biodiversity and
ecosystems, implications for agriculture and croplands, implications for
transportation, implications for climate change and carbon emissions,
implications for socio-demographics, and mixed/trade-offs between at least
two implications. For simplicity, we focused on the primary motivation or
purpose stated in the papers.

In the context of land-change models, accuracy assessment measures
the extent to which a land-change model’s outputs align with observed
changes in land use and land cover over time. Thus, a high accuracy indi-
cates that the model captures the essential processes and patterns of the
system from the calibration through the validation intervals at the spatial
and temporal resolutions of the analysis. Accuracy can be assessed through
various statistical measures and comparisons with historical data®.
Considering there is a wide range of accuracy assessment approaches, we
were interested in the relative prevalence of these approaches among the
urban land change studies. Since Kappa and Kappa-based indices are his-
torically the most prevalent and most criticized validation measures"”?, we
classified studies based on whether they used only Kappa, used Kappa with
other measures, or did not employ any accuracy assessment measures at all.
We also categorized the accuracy assessment measures to understand the
temporal patterns in their use in evaluating the accuracy of urban land
change forecasts.

Since uncertainty is associated with any predictive modeling practice,
we also scrutinized the identified studies on how they addressed and
incorporated uncertainty in their models. In addition to coding the forecasts
in terms of whether they were stochastic and whether they were scenario-
based, we categorized how the authors defined the scenarios and what type
of outcome they attempted to capture with the scenarios. In classifying the
scenarios, we considered whether the authors incorporated any of the IPCC
or UN-defined set of scenarios —such as Shared Socioeconomic Pathways
(SSPs), Sustainable Development Goals (SDGs)-, incorporated a range of
values for model parameters to generate varying outcomes, devised sce-
narios representing official policies and plans, or defined the scenarios
themselves based on the study goals. Finally, we examined whether urban
areas were further categorized into distinct land classes in the forecasts (e.g.,
high density, low density, or residential, commercial, and industrial, or
formal vs informal). Complete descriptions of coding categories and

corresponding data from the papers in our review are included in Supple-
mentary Data 2. Citation information of the papers excluded during the full-
text eligibility stage is provided as Supplementary Data 3.

As a supplemental analysis, we also studied the papers in terms of the
modeling approaches they used (see Supplementary Note 1). To this end, we
followed the modeling categorization used in the National Research Council
(NRC) report on Land Change Modeling”’. However, unlike the report, we
kept track of machine-learning-based models as a separate category apart
from other statistical approaches; since the publication of the report, the
former have matured significantly to be treated separately from more
conventional statistical approaches (e.g., logit regression) (Supplementary
Table 6; Supplementary Figs. 12-14). Further, we also coded whether the
papers in our review use an existing model (after reparameterization),
modify one (i.e., going beyond reparameterization typically by modifying
the underlying algorithmic structure), or propose a completely new urban
LCM (Supplementary Figs. 12, 15, 16).

Data availability
The data supporting the findings of this study are available within the paper
and its supplementary information files.

Code availability
AL R codes and the associated data used for the analyses and to generate the
figures are provided in Supplementary Code 1.
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