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Forecasting urban land expansion and
heat island intensification globally
through 2050

1 Abstract

By 2050, about 6 billion people, nearly 66% of the global population, will live in urban areas',
where temperature are projected to increase by 2~4°C due to greenhouse gases (GHG) induced
global warming®. Although this rapid urbanization process is projected to result in urban land
expansion by 300% from 2010°, little is known about how the expansion will intensify urban
heat island (UHI) effects globally, causing additional warming. Here, we improved and updated
the previous spatially explicit forecasts of urban expansion®, which is then used in a location-
based model to forecast UHI intensification. We show, with higher confidence than previously
forecasted, that more medium to large urban areas are emerging, especially in Asia and Africa. In
these regions, UHIs will intensify more in smaller urban areas that grow into medium to large
ones, particularly in those geographically close to, and thus are affected by advection from, other
larger urban areas. Since these currently smaller Asian and African urban areas are usually less
capable of adapting to climate change™”, our forecasts of UHI intensification suggest great
challenges for them to develop adaptive capacity, and to coordinate adaptation with nearby
municipalities, in such a short time window.

2 Introduction

As greenhouse gases (GHG) continue to build up in the atmosphere changing the climate,
numerous studies® ® have downscaled the effects of global warming to cities, where more than
half of the world’s population live'. Such attempts to overlap climate change with cities have
shown® that many major urban centers will experience 2~4°C warming by the mid-century.
Concomitantly, as global urban population will grow by ~3 billion and urban lands expand by
~300% from 2010°, additional warming on top of GHG-induced climate change is expected,
since the urban heat island effects been shown”'” to escalate with the logarithmic sizes of urban
areas. However, little is known about how much urbanization-induced warming will vary
globally, causing different degrees of warming when combined with GHG-induced climate
change. This information is critical for climate adaptation, because adversary consequences from
warming, such as mortality/morbidity rates'"'? and energy consumption'’, tend to increase
exponentially with temperatures.

Although urban size is the key variable to predicting future UHI intensification, the previous
spatially explicit probabilistic forecasts of global urban expansion” fail to replicate the size
distribution of the Zipf’s law, which describes the linear inverse relationship between ranks and
sizes on logarithmic scales. Without considering Zipf’s law in the forecasts, we cannot
differentiate magnitudes of growth for urban areas with various sizes on a logarithmic scale, and
thus fail to reliably predict the size-dependent UHI intensity. In this paper, we add constraints of
Zipf’s law to a global urban expansion model”, in order to maintain the rank-size distribution in
our forecasts.
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In addition to size, recent studies suggest that the UHI intensity also depends on 1) nearby
UHIs'*" (Figure S 6), due to the horizontal advection of warm air; and 2) background
climates'®, since contributions to UHI from various factors are climate-dependent. These two
factors will become more important in the coming decades, because 1) more mega-urban regions
(UHRs), clusters of nearby urban areas, are emerging across the world'” and 2) future urban
expansion is more likely to occur in tropic/sub-tropics rather than in temperate climates as in the
history®. However, these factors were rarely considered in UHI prediction'®, due to the lack of
spatially explicit and size distribution preserved forecasts of urban land expansion, which are
now available in the updated forecasts. To utilize this new spatial information in forecasting UHI
intensification, we apply the spatial regression to model UHI intensity as a function of size on a
logarithmic scale™'® (Figure S 5), nearby UHISs (Figure S 6), and the background climates'®,
while controlling other relevant biophysical features, such as surface albedo and vegetation
abundance.

3 Methods

Two models are built to forecast UHI intensifications globally: 1) a spatially explicit,
probabilistic urban expansion model to predict the likelihood of a location to become urban land,
and 2) a spatial resolved UHI model to relate increasing urban sizes with escalating temperature.
Applying these two models on the Shared Socioeconomic Pathways (SSPs)'’, we can forecast
the future urban land expansion and heat island intensification through 2050 resulting from
socioeconomic development across the world.

The urban expansion model is modified from a previous global forecast model, URBANMOD",
which first predicts the quantities of urban land then allocates them spatially. We modified both
the quantity prediction and land allocation processes to develop a new forecast model, called
URBANMOD-ZIPF. Instead of a simple linear regression in URBANMOD, a fixed effect panel
data regression is used in URBANMOD-ZIPF, to model urban land per capital (ULC) as a
function of GDP per capital (GDPC) and the percentage of urban population (URB). With the 32
regions defined in the SSP database® as analytical units, to derive ULC, GDPC and URB, we
use GDP and population statistics from the World Bank, urbanization rates from the United
Nations', and urban lands from the Global Human Settlement Layer (GHSL)*'. A panel data
regression is built on historical observations in 1990 and 2000:

N
ULCl't =ﬁ0+ﬁlGDPClt+ﬁ2URBlt+z YjDij-I_git i=1--N,t=1990,2000
j=2

where f is a constant, #; and 3, are the coefficients of GDPC and URB, y; is the coefficient of
the regional dummies D;;, &, is the error term, and N is the number of regions. Applying this
equation on the future GDPC** and URB™ in SSPs, we can forecast the quantities of urban lands
in each scenario through 2050. In URBANMOD, the forecasted urban lands are allocated using a
spatially explicit grid-based model**, based on urban development suitability derived from slope,
distance to rods, population density, and land cover. Here, in URBANMOD-ZIPF, we modify
the allocation process by constraining the Zipf’s law distribution of urban sizes. Considering the
fact that Zipf’s law is maintained because the growth rate of an urban area is proportional to its
size”, we multiply the probability of a grid to be urbanized by the size of the adjacent urban
area.
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The UHI model is based on existing literature that relate UHI intensities with logarithmic urban
sizes'’, nearby UHIs'**°, background climates'® and other biophysical characteristics*”** of the
urban area. To take into account the spatial effects of nearby UHIs, a spatial lag model is used:

N
J

where vector § contains coefficients for the urban feature vector X; that contains logarithmic
urban size and other biophysical characteristics, such as vegetation abundance, albedo, surface
roughness, of the i-th urban area; p is the spatial lag coefficient that account for the effects from
nearby UHIs weighted by the inverse square distances, w;; = . ; d{jz (d is distance between 7 and

j); and ¢; is the error term. To distinguish different contributions of these factors in different
climates, we build this model separately for urban areas in each climate zone: arid, boreal,
equatorial and temperate. The extents of urban areas are derived from GHSL. Within urban
extents, biophysical characteristics are obtained from various remote sensing products. UHIs are
measured by subtracting land surface temperature (LST) within urban extent by that of the buffer
zone. LSTs of the urban area and its buffer zone are obtained from the MOD/MYD 11A2
products.

4 Results and Discussions

By adding constraints of the Zipf’s law to the previous forecast model (URBANMOD"), we
update the previous urban land expansion forecasts (URBANMOD-ZIPF), in which the rank-size
distribution observed in historical patterns is maintained (Figure S 1). Validations against actual
urban lands suggest higher accuracies of the updated forecasts over the previous ones, both on
amounts and locations of urban expansion. Figure S 2 shows that the previous forecasts have
underestimated the amount of urban expansion, especially for regions with more than 200 km
urban land per million persons, which are corrected in the updated forecasts. In terms of
locations, as shown in validations of forecasted urbanization against actual urban lands
expansion from 2000 to 2015, the updated forecasts improve accuracy by 72% over the previous
ones (Table S 1), especially for medium to large urban areas, whose sizes are greater than 100
km? (Figure 1-A). Compared to the previous forecasts through 2030, our analysis shows, with
higher confidence, that more urban land expansion will likely to occur near existing medium to
large urban areas (Figure 1-B). The underestimation of previous forecasts is more prominent near
larger urban areas in China, India, Indonesia, and Sub-Sahara African countries (Figure S 3).
Extending the updated forecasts to 2050 under different shared socioeconomic pathways (SSPs),
our analysis shows that, compared to elsewhere, more urban land expansion will occur in Africa
(MAF) and Asia (ASIA), as shown in Figure 2. In these two regions, across all scenarios (Figure
S 4), the amounts of expansion near existing urban areas of all sizes will be as nearly twice as
their counterparts in other regions. Considering the current lack of economic and political power
for climate adaptation in these regions’, the potential warming resulting from this rapid urban
expansion presents substantial challenges for building adaptive capacity in the narrow time
window of just a few decades.

Compared to the non-spatial model that neglects the nearby UHIs and background climates, the
spatial model achieve better agreement with observations, especially for daytime UHI (Table S
2). Applying the spatial UHI model to the forecasted urban land expansion, we generate the
forecasts of UHI intensification globally from 2015 to 2050 (Figure 3 and Figure 4-B). As can be
seen from Figure 3, UHI intensity will increase more strongly in urban areas with more urban
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land expansion. The intensification is even stronger for smaller urban areas that grow into
medium to larger ones, as shown in the upper left of Figure 3, because their sizes increase more
logarithmically compared to already large urban areas that grow larger. These small- or medium-
to-large urban expansions and the resulting stronger heat island intensification, as shown in
Figure 4-B, will mostly occur in Eastern Europe (REF) and Africa (MAF). Most of these smaller
urban areas”™, especially those in Africa’, currently lack the economic and political resources to
adapt. The forecasted rapid warming suggests urgent yet challenging needs for these urban areas
to build up adaptive capacity in such a narrow time window. As shown in Figure 3, UHI
intensify more strongly in the core urban areas (circle), which are the largest within a radius of
50 km, than in the peripheral ones, which are smaller than nearby ones, even with the
comparable amounts of expansion. The extra warming in peripheral urban areas results from the
spatial advection of warm air, because they are closer to other urban areas with stronger UHISs.
Figure 4-B shows that this trend of stronger warming in peripheral urban areas is more likely to
occur in Eastern Europe, Africa, and Asia. To mitigate the warming from nearby UHIs, a
peripheral municipal government have to implement mitigation measures not just inside its
boundary but also in nearby municipalities, which can be a daunting challenge. Our analyses
support the emerging argument for the needs of regional, coordinative, multi-scale urban climate
adaptation planning™’, particularly for urban areas in less developed regions.

This analysis has one caveat worth discussing. The forecasts assume that all future urban lands in
each region have the same population density predicted by the corresponding socioeconomic
scenario. Yet, this characteristic of urban forms can be altered by planning policies’' such as
zoning, growth boundary, and public-transport subsidy. Altering population densities changes
the surface roughness, the shape of urban canyon and the anthropogenic heat flux, all of which
can affect urban temperature by modifying the surface energy balance'***. Moreover, other
urbanization forecasts™>**, although not spatially explicit, have shown that higher densities can
reduce urban energy use for transportation and maintaining indoor thermal comfort. Reducing
total energy use can mitigate the additional warming effects from GHG, while lowering energy
required for indoor cooling can alleviate the burdens of energy systems during high temperatures
to avoid catastrophic blackouts™. Further studies are still needed to explore the co-benefits and
trade-offs of altering urban population densities in terms of mitigating both urbanization- and
GHG-induced warmings. These studies are especially imperative for less developed regions,
such as Asia, Eastern Europe, and Africa, where, as our forecasts show, large areas of urban
lands are yet to be built and thus density alteration is relatively easier.
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Figure 1 Comparison of the previous and the updated urban land expansion forecasts. a) Probability of urbanization preditected
by URBANMOD and URBANMOD-ZIPF on the new urban lands from 2000 to 2015 with various sizes (km>). b) Urban land

expansion from 2015 to 2030, within 50 km of existing urban areas in 2015, forecasted by URBANMOD" and URBANMOD-
ZIPF. Horizontal axes on log scale.
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Figure 2 Urban land expansion from 2015 to 2050 under SSP5 scenario forecasted by URBANMOD-ZIPF. Vertical axis
represents the forecasted amount of new urban lands within a radius of 50 km around existing urban areas in 2015, horizontal
axis represents the sizes of urban areas in 2015. Different colors represent urban areas in five different regions.
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Global daytime UHI increase from 2015 to 2050
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Figure 3 Global daytime UHI increase from 2015 to 2050, in urban areas with different sizes and magnitudes of expansion. Same
as in Figure 2, horizontal and vertical axes show the size of urban area in 2015 and the forecasted urban land expansion within a
radius of 50 km. Circles represent core urban areas, which are larger in size than other urban areas within 50 km; while
triangles represent peripheral urban areas, which are smaller than others within 50 km. Colors indicate different magnitudes of
increases of UHI intensity (°).
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Figure 4 Global forecasts of (4) probabilities of urban expansion and (B) the expected increase of daytime UHI (temperature
times probability) from 2015 to 2050 under SSP5 scenario. Subplots in (B) are the same as Figure 3, except that each subplot
represents one region of the world.
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Figure S 1 Rank-Size distributions of historical areas in 1975, 1990, 2000, and 2015, and those in 2050 under SSP5 scenario,

forecasted by URBANMOD and URBANMOD-ZIFP. Both ranks and sizes are on log scale.
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Figure S 2 Observed versus predicted urban land per capita (ULC) in km’ per million persons of 32 regions defined in SSP
database. A) Predicted by linear regression on ULC in 2000. B) Predicted by panel data regression on ULC in 1990 and 2000.
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Forecasted Urban Land Expansion near
Existing Urban Clusters from 2015 1o 2030
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Figure S 3 Expected urban land expansion from 2015 to 2030 in 30 regions, within 50 km of existing urban lands in 2015,
forecasted by URBANMOD" and URBANMOD-ZIPF (this work). Horizontal axes are on log scale.
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Forecasted Urban Land Expansion from 2015 to 2050
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Figure S 4 Urban land expansion from 2015 to 2050 under five SSP scenarios forecasted by URBANMOD-ZIPF. Vertical axis
represents the forecasted amount of new urban lands within a radius of 50 km around existing urban clusters in 2015; horizontal
axis represents the area of urban clusters in 2015. Colors represent urban clusters in five different regions.
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Figure S 5 Daytime (4) and nighttime (B) UHI intensities versus the sizes of urban areas on a logarithmic scale in black dots.
Red dots are the bin-average.
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Figure S 6 Daytime (4) and nighttime (B) UHI intensities versus their corresponding spatially lagged values.

Table S 1 Probabilities of becoming urban, forecasted by URBANMOD and URBANMOD-ZIPF, averaged over the locations
that were urbanized from 2000 to 2015. The same statistics were also calculated in different climate zones.

Climate
Model All  Arid Boreal Equatorial Temperate
URBANMOD 0.18 0.21 0.21 0.18 0.17
URBANMOD-ZIPF 0.31 0.35 0.32 0.32

Table S 2 Performance and key coefficients of non-spatial and spatial models for daytime and nighttime UHI.

Coefficients
UHI Model r’ R RMSE Climate 1) Log(Area) LM-lag
Daytime  None-spatial 0.58 0.76 2.11 All - 2.06%** -
Spatial 0.70 0.84 1.51 Arid 0.30%** 1.68%** 260%***
Boreal 0.12%** 3.80%** 28%**
Equatorial = 0.29*** 2.08%** 487+ **
Temperate 0.31%*** 2.10%** 610%**
Nighttime None-spatial 0.75 0.86 1.02 All - 1.25%** -
Spatial 0.76 0.87 0.87 Arid 0.09%** 1.28%** JgHH*
Boreal 0.12%*** 1.93%*%* 4 x%%
Equatorial ~ 0.03*** 0.83%** Sk
Temperate 0.10*** 0.94*** QHk*

P <0.05% P <0.01** P <0.001%**
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