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Abstract Urbanization changes Earth's climate by contributing to the buildup of atmospheric greenhouse
gases and altering surface biophysical properties. In climate models, the greenhouse aspect is prescribed with
urbanization and emission trajectories embedded in socioeconomic pathways (SSPs). However, the biophysical
aspect is omitted because no models currently simulate spatially explicit urban land transition. Urban land is
typically warmer than adjacent natural land due to a large urban-versus-natural land contrast in biophysical
properties. The lack of biophysical representation of urbanization in climate models raises the possibility that
model projection of future warming may be biased low, especially in areas with intense urban land expansion.
Here, we conduct a global sensitivity study using a dynamic urban scheme in the Community Earth System
Model to quantify the biophysical effect of urban land expansion under the SSP5-RCP8.5 scenario. Constant
urban radiative, thermal, and morphological properties are used. We find that the biophysical effect depends on
land aridity. In climate zones where surface evaporation is water-limited, the biophysical effect causes a
significant increase in air temperature (0.28 £ 0.19 K; mean + one standard deviation of nine ensemble pairs;
p <0.01) in areas where urban expansion exceeds 5% by 2070. The majority of this warming signal is attributed
to an indirect effect associated with atmospheric and land feedback, with the direct effect of land replacement
playing a minor role. These atmospheric feedback processes, including solar brightening, soil drying, and
stomatal closure, act to enhance the warming initiated by surface property changes of urban land replacement.

Plain Language Summary Global urban land expansion can influence climate by changing surface
properties. However, this climate effect has been omitted by all global climate models since no models can
simulate urban land transition. As cities are usually warmer than rural surroundings, this omission means that
future climate projections may be biased low, especially in regions with rapid urban expansion. Here, we use a
global climate model with a dynamic urban scheme to investigate the climate effect of urban land expansion. We
find that urban land expansion amplifies surface warming more in dry climate than in wet climate regions. This
warming is mostly caused by atmospheric feedback, which enhances the small warming initiated by surface
property changes. Our results underscore the need to explicitly incorporate urban land expansion in global
climate models for more accurate climate projections.

1. Introduction

Urbanization, the conversion of natural landscape into built-up areas, significantly influences local climate
through changing the surface biophysical properties, such as albedo, roughness, and evaporation (Hang &
Chen, 2022; Lyu et al., 2024; Manoli et al., 2019; Oke et al., 2017). Current global climate models overlook the
biophysical impact of global urbanization due to a lack of dynamic and spatially explicit urban land expansion in
the model domain. The space-for-time substitution seems to justify this omission. First proposed for the study of
deforestation climate effect (X. Lee etal., 2011; Y. Li et al., 2015), it states that the spatial difference in surface air
temperature between an urban land parcel and an adjacent natural land parcel (67,) is equivalent to the time
difference before and after the natural land parcel is urbanized (AT,). Here, 67, is the intensity of urban heat
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island. This equivalence holds if the entire natural land is replaced by urban land. More generally, the space-for-
time substitution is expressed as

AT, = 8T, X AU; )]

where AU is the change in urban fraction in the region of interest before and after urban land expansion. The
urban land extent is currently about 1.0 million km? or 0.7% of the global land surface and is projected to increase
to 2.3 million km? or 1.7% by 2070 under the SSP5 scenario with a rapid urbanization trajectory (Jing Gao &
O’Neill, 2020). The global mean urban heat island intensity is about 0.9°C (Oleson et al., 2011; K. Zhang
et al., 2022). Equation 1 implies that at the global scale, the direct urbanization biophysical effect is negligibly
small (0.009°C). In areas with rapid urban expansion, the signal may be larger, but not by much: For grid cells that
experience 10% urban expansion, the temperature change is only about 0.09°C.

As the urban and nearby natural land parcel share similar atmospheric conditions, a hidden assumption of the
space-for-time substitution is that urban expansion does not change the atmospheric condition above (L. Chen &
Dirmeyer, 2020). Thus, it omits land and atmospheric feedback processes, which often amplify local biophysical
signals (Anderegg et al., 2019; Bonan et al., 1992). The air and the soil in cities are generally drier than their rural
counterparts (Holmer & Eliasson, 1999; D. O. Lee, 1991; Meili et al., 2022; C. Tang et al., 2011). The decline in
soil moisture (6) can increase T, vapor pressure deficit (VPD), and sensible heat flux (H) (Anderegg et al., 2019;
Berg et al., 2016). Reduction in atmospheric humidity can trigger partial stomatal closure and reduce evapo-
transpiration (Jianguo Gao et al., 2015; Oren & Katul, 1999; Pasqualotto et al., 2021). These responses can further
enhance drying and warming associated with urban land expansion. In natural landscapes, the annual temperature
difference between an open land covered by grass and its adjacent forest is negative at high latitudes (north of
about 40°N) and positive at mid- to low latitudes (30°S-30°N) (X. Lee et al., 2011; Y. Li et al., 2015; Malyshev
et al., 2015; T. Tang et al., 2023). Thus, the space-for-time substitution predicts that deforestation causes a
reduction in the annual mean temperature at high latitudes and an increase at mid- to low latitudes. In continental
deforestation modeling experiments with land and atmospheric feedbacks, this latitudinal asymmetry of the
annual temperature response is enhanced substantially by a sea-ice albedo feedback at high latitudes (Bonan
et al., 1992; P. J. Lawrence et al., 2012) and is influenced by a cloud feedback at low latitudes (D. Lawrence &
Vandecar, 2015; Nogherotto et al., 2013; Snyder, 2010; Wang et al., 2009). In the summer season, observations
show that the daily maximum temperature of open land is greater than that of its adjacent forest (M. Zhang
etal., 2014), but in a large-scale, coupled deforestation numerical experiment, the cloud feedback actually causes
a widespread reduction in the daily maximum temperature (L. Chen & Dirmeyer, 2020). An open question is
whether future urban land expansion, which impacts much smaller land areas than these idealized continental
deforestation experiments, can trigger similar atmospheric feedback.

In this study, we investigate the climate effect of global urban land expansion using a global climate model with a
new dynamic urban scheme (Fang et al., 2023). The readers should consider the simulations with urban land
expansion as sensitivity experiments instead of accurate climate responses to realistic urbanization. Here, we use
constant urban radiative, thermal, and morphological properties in the future, despite increasing urban land cover.
In the real world, urban land expansion may be accompanied by changes in urban radiative, thermal, and
morphological properties because of vertical urban growth and increase in urban greenness (Chakraborty &
Qian, 2024; Chi Chen et al., 2021; Frolking et al., 2024). This study focuses on the climate impact of lateral urban
expansion, which is the first-order driver of regional biophysical property changes induced by urbanization.

The direct and indirect climate effects of urban expansion are separated using a factorial experiment design
(Figure S1 in Supporting Information S1). The direct effect describes the climate influence of biophysical
property changes caused by land replacement and the indirect effect arises from land and atmospheric feedback.
We examine the magnitudes of direct and indirect climate effects and evaluate the performance of two methods in
predicting the direct climate effect. Then, the climate effects of urban land expansion are analyzed in two
evapotranspiration regimes. Finally, we investigate the atmospheric feedback processes responsible for the in-
direct climate effect of urban land expansion. The data and methodology are described in Section 2. Section 3
analyzes the direct and indirect climate effects and their mechanisms. Finally, the discussion and conclusions are
presented in Sections 4 and 5, respectively.
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2. Data and Methodology
2.1. Global Climate Model

The global climate model used in this study is the Community Earth System Model (CESM) version 2.1.3
(Danabasoglu et al., 2020). The atmosphere, ocean, sea ice, and land components we used are the Community
Atmosphere Model version 6, Parallel Ocean Program version 2, Community Ice CodE version 5, and Com-
munity Land Model version 5 (CLMY), respectively. In CLM, the subgrid spatial heterogeneity is characterized
by up to five land units (lake, glacier, urban, crop, and natural vegetation) in a grid cell, and climate contrasts in
these subgrid land units or tiles represent the spatial differences between adjacent land types in the real world (D.
M. Lawrence et al., 2019). The rural land tile consists of crop and natural vegetation land units. In one grid cell,
the land units receive the same atmospheric forcing, but their near-surface physical state and flux variables were
computed separately with their own parameterizations. For example, the urban environment was explicitly
simulated by the CLM urban model based on the urban canyon concept, which accounts for the surface energy
balance, hydrology, and interactions between the urban canyon and the lower atmosphere (Oleson & Fed-
dema, 2020). The current version of CLM can only simulate constant urban land cover. In our simulations, we
used a newly developed dynamic urban scheme to update urban land cover annually by reading the prescribed
surface data set generated in Section 2.2 (Fang et al., 2023). Although LM3-UCM has enabled global uniform
land transition between urban and vegetation lands (D. Li et al., 2016), the dynamic urban scheme developed by
Fang et al. (2023) is the first scheme to enable spatial explicit urban expansion. The reader is referred to Fang
et al. (2023) for a detailed description about this dynamic urban scheme.

2.2. Surface Data With Transient Urban Land

We use the transient urban land cover under the SSP5 scenario produced by He et al. (2021). As the focus of this
study is the climate signal of urban land expansion, we choose the SSP5 scenario with a higher urban expansion
rate than other SSP scenarios. This urban data set provides global urban land cover at a decadal interval from 2020
to 2070 at a 1-km resolution. The projection of future urban land consists of two steps. First, linear regression
models, established between historical urban population and urban land area for 100 X 100 km grids, are used to
predict future urban land demand based on the SSP5 projections of the global urban population. Second, this
demand is spatially allocated at a 1-km resolution according to the suitability factor, neighborhood effect, in-
heritance effect, and ecological restriction. According to this projection, the global urban land area is 0.68 million
km? in 2020, which is similar to the projections in G. Chen et al. (2020) (0.73 million km?) and X. Li et al. (2019)
(0.76 million km?) and is smaller than the projection in Jing Gao and O’Neill (2020) (0.95 million km?). In the
projection used here, the urban extent increases to 1.3 million km? in 2070 (Figure 1b). In comparison, the urban
extent is 2.3, 1.3, and 2.0 million km? in 2070 according to Jing Gao and O’Neill (2020), G. Chen et al. (2020),
and X. Li et al. (2019), respectively. The differences between these urban land projections are a result of different
model designs and input data. Although the RCP8.5 scenario may exaggerate future warming (Hausfather &
Peters, 2020), the urban land projection used in this study is likely a conservative estimation of future urban
development. If a faster urban land expansion or a different SSP scenario is adopted, we expect to find different
magnitudes of climate responses.

To conduct simulations with urban expansion, we generate a new surface data set for CLM with transient urban
land. We used the Toolbox for Human-Earth System Integration and Scaling (THESIS) tool set to create data
layers of the urban extent and urban properties at a 0.05° resolution at the decadal time step based on the 1-km
urban land cover data (Oleson & Feddema, 2020). The decadal data were then linearly interpolated to produce the
annual urban data. As we plan to run simulations from 2015 to 2070 while the urban land cover data projection
starts from 2020, the urban land cover from 2015 to 2019 uses the urban data at 2020. Although most cities tend to
expand, a few grid cells may experience urban shrinkage. Since our focus is the impact of urban expansion, we
kept the urban fraction unchanged in a grid cell if the urban extent in that grid cell starts to shrink. There are three
urban density types in CLMS: tall building district (TBD), high density (HD), and medium density (MD). From
the MD, HD to TBD, the urban areas are increasingly urbanized with higher buildings, less vegetation cover, and
higher population density (Jackson et al., 2010). The global cities are divided into 33 urban regions, each having
its unique urban biophysical properties (Jackson et al., 2010). The new urban area in each grid cell were divided
into the three categories, assuming that each grid cell has the same proportions of TBD, HD, and MD as those of
the CLM default urban data provided by Jackson et al. (2010). If urban land emerges in a grid cell where there is
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Figure 1. (a) Urban fraction change from 2020 to 2070. (b) Time series of the global urban area. (c) Histogram of urban
fraction change in water-limited and energy-limited regions. The urban land cover data are from He et al. (2021). Division of
10 geographical regions denoted in panel a is created by merging AR6 reference regions (IPCC, 2021): CAN, Canada; US,
United States; CSA, Central and South America; EU, Europe; AF, Africa; MME, Mediterranean and Middle East; NCA,

North and Central Asia; ESA, East and South Asia; SEA, Southeast Asia; and AUS, Australia.

no urban land use in the default urban data, these proportions were assigned the average values for the urban
region where the grid cell is located. Next, we used the mksurfdata_map tool to ingest the 0.05° urban data and
data for other land cover types to generate a new surface data set at 0.9° X 1.25° grid resolution (Oleson &
Feddema, 2020). As urban expands, other nonurban land should shrink to ensure that the five land unit fractions
sum to 100% for every grid cell. We assume that urban expansion is compensated first by reduction in natural
vegetation and then by cropland shrinkage in consideration of food security (Godfray et al., 2010; van Vliet, 2019;
Vermeulen et al., 2012). The urban fraction change (%) in this paper refers to the changes in fraction of the urban
land tile in a grid cell before and after urbanization occurs. Figure 1a shows the changes in urban fraction from
2020 to 2070.
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2.3. Numerical Experiment Design

To quantify the direct and indirect climate effects of urban land expansion, we performed four sets of simulations
with factorial experiment design using CESM with a 0.9° X 1.25° grid resolution (Figure S1 in Supporting
Information S1).

We first conducted two sets of fully coupled simulations from 2015 to 2070 under the SSP5-RCP85 scenario, one
with annual urban growth and the other with urban land use fixed at 2015. In these fully coupled simulations, all
components of the CESM, including land, atmosphere, ocean, and sea ice, were active. Each simulation was
repeated three times, using three different initial atmospheric and oceanic conditions in year 2015 provided by
three realizations of the CESM historical simulation from CMIP6 (Danabasoglu et al., 2020; Eyring et al., 2016).
The land initial condition of these fully coupled simulations was spun up by a land-only (offline) simulation with
urban land use fixed at 2015. In a land-only simulation, only the land model CLMS was active, whereas other
model components used prescribed data. The spinning-up simulation was run for 40 years with atmospheric
forcing cycled from 2005 to 2014, provided by a CESM historical simulation. At the end of the spinning up, the
surface climate's physical state, such as air temperature and soil moisture, has reached equilibrium.

We then carried out two sets of land-only simulations from 2060 to 2070, one with annually growing urban land
and another with constant urban land fixed at the 2015 level. The land initial conditions of the two simulations
were provided by the land condition in year 2061 of the fully coupled simulations with constant urban land. The
two simulations with and without urban expansion shared the same atmospheric forcing provided by the atmo-
spheric output of the same fully coupled simulation providing land initial conditions. This reproduces the
assumption that urban expansion does not affect atmospheric conditions in space-for-time substitution. We
repeated each land-only simulation three times by using different members of fully coupled simulations with
constant urban to provide the initial condition and atmospheric forcing.

The difference between the two sets of fully coupled simulations was used to represent the total biophysical effect
of urban land expansion. We are interested in the surface climate of the last 10 years of simulation (2061-2070).
Because by the time the model integration reached that period, the initial condition has been overwhelmed by
internal climate variability, and the three dynamic urban simulations and the three constant urban simulations can
be treated as being independent of each other. There are nine possible pairings of dynamic versus constant urban
simulations. The total climate effect was calculated as the mean of the nine ensemble pairs. Since each fully
coupled simulation is influenced by random climate internal variability, we argue that the climate differences
from nine possible pairings are independent from each other, providing a higher degree of freedom in statistical
tests. Our averaging period is 10 years. Many other authors have also used this length to analyze changes in the
mean climate state (Chu et al., 2024; Fldschner et al., 2016; Y. Li et al., 2016; N. Zhang et al., 2010). The direct
effect of urban expansion on the surface climate was calculated as the difference between the two sets of land-only
simulations that shared the same atmospheric forcing. The indirect climate effect of urban expansion was
calculated as the difference between the total effect and the direct effect. The fully coupled simulations are
influenced by internal variability. For land-only simulations, because only the land component is active, the
difference between two sets of land only simulations are not influenced by internal variability. In other words, the
total and the indirect climate effects are subject to random noise. We performed #-tests with a sample size of nine
to examine whether the total effect and indirect effect are significantly different from zero.

2.4. Evapotranspiration Regimes

Evapotranspiration plays an important role in global energy and water cycles, which drive the land-atmospheric
interactions. The classical hydrology provides a simple but useful conceptual framework to divide land into two
evapotranspiration regimes according to soil moisture: water-limited regime and energy-limited regime where the
evaporation is controlled by soil moisture and available energy, respectively (Seneviratne et al., 2010; Vargas
Zeppetelloal et al., 2019). The two regimes correspond to different degrees of land-atmospheric coupling (Hsu &
Dirmeyer, 2023).

In this study, we determined the two evapotranspiration regimes with the UNEP aridity index (Al), calculated as
the ratio of summer precipitation to potential evapotranspiration (UNEP, 1997). Potential evapotranspiration was
estimated with the Penman equation (S. Li et al., 2016; Penman, 1948; Shuttleworth, 1993). An Al smaller than 1
indicates moisture deficit. Grid cells with Al less than 1 are defined as being water-limited, where
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evapotranspiration is controlled by water availability, and the rest are energy-limited where evapotranspiration is
constrained by the available energy (Figures 1c and Figure S2 in Supporting Information S1). The energy-limited
regions are humid, coinciding mostly with the tropical climate of the Kdppen-Geiger climate classification,
whereas the water-limited regions have low or intermediate wetness, largely coinciding with the temperate, dry,
and boreal climates (Beck et al., 2018). The polar climate is disregarded since no urban land expansion occurs
there in our urban expansion scenario.

2.5. Predicting the Direct Climate Effect of Urban Land Expansion

We used two methods to predict the direct climate effect of urban land expansion. The first approach, or space-
for-time, is the application of Equation 1 using subgrid data of climate simulations and urban fraction change
prescribed in the surface data (Section 1). This method is a physical process-based calculation reproducing the
assumption of the direct climate effect. The results are presented in Section 3.1. The second approach, discussed
in Section 4, is a “multiple linear regression method” first proposed to reconstruct the direct effect of deforestation
and irrigation (Lejeune et al., 2018; Thiery et al., 2020). For each urbanizing grid cell, we applied a multiple linear
regression within a 7 X 7 grid cell window as long as it contains at least 30 land grid cells and 5 urbanizing grid
cells. The air temperature changes (AT,) between 2015-2024 and 2061-2070 in the fully coupled simulations
with urban expansion are predicted by changes in urban fraction (AU)), latitude (lat), longitude (lon), and
elevation (elev), such that

AT, = ) X AUy + f, X lat + 5 X lon + 8, X elev @)

where AUj lat, lon, and elev are vectors containing up to 49 values, and f3; (i = 1-4) represents the regression
coefficients for each predictor and is specific to each searching window. This approach is designed to statistically
disentangle homogeneous climate effects with no local consequence from the heterogeneous effect due to local
land replacement. The heterogeneous or direct effect of land replacement is proportional to urban fraction change,
and the direct effect of the center grid cell of the moving window was calculated as 8, times AU of this grid cell.
The three spatial predictors (lat, lon, and elev) in addition to AU, were used to filter out the natural climate
gradient in the searching box (Lejeune et al., 2018). This method is designed to capture the direct effect of land use
change and assumes other climate forcings like greenhouse gases and atmospheric feedback influence temper-
ature identically in all grid cells in the same 7 X 7 grid cell box or searching window. An advantage of this
approach is that it separates the direct and indirect climate signal of land use change with one single model
simulation. We wish to determine if this economical approach can be used to study urban land expansion.

3. Results

In this Section, results are presented as the mean difference of the nine ensemble pairs for the total and the indirect
climate effect and three ensemble pairs for the direct climate effect. We will use summer results (June—August in
the Northern Hemisphere and December—February in the Southern Hemisphere) from 2061 to 2070, unless stated
otherwise. We find that the direct effect of urban expansion is small and highly predictable, and the indirect effect
dominates the temperature response to urban land expansion in areas where surface evaporation is water-limited.

3.1. Direct Versus Indirect Effect

The direct climate effect is predictable and is small in magnitude. This effect can be predicted accurately with the
space-for-time substitution described by Equation 1. In the modeling system, the subgrid climate contrasts be-
tween the urban and rural land tiles within a grid cell are equivalent to the spatial difference between urban and
nearby rural lands in the space-for-time substitution, denoted here with symbol 6. We used 67, from land-only
simulations and calculated AU, from the surface data with transient urban land. Making use of Equation 1, we
find that the predicted 7, change due to surface property changes in land replacement is in excellent agreement
with the direct climate effect simulated with the land-only numerical experiments, both at the grid cell level
(R* = 0.98, Figure 2a) and the regional level (R* = 0.99, Figure 2b). The direct effect of urban expansion on
relative humidity (RH), sensible heat flux, and latent heat flux (AE) can also be predicted with the space-for-time
substitution (Figure S3 in Supporting Information S1, R* > 0.90).
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Figure 2. Comparisons between the direct effect on air temperature calculated from the space-for-time substitution method
against that obtained from the factorial experiments at: (a) grid cell level, (b) regional level. The factorial experiment
approach calculates the direct climate effect as the differences between land-only simulations with and without urban
expansion. The space-for-time substitution approach is based on Equation 1. The dashed line is 1:1. Color in panel a indicates
data density, with yellow indicating high density and purple indicating low density. The coefficient of determination (R?) is

noted. The regions in panel b are defined in Figure la.

Generally, the grid cell mean T, and H increase and RH and AE decrease under the direct climate effect of urban

expansion, with the magnitudes of change proportional to the urban fraction change. Of the 4216 grid cells that
experience urban expansion (AU, > 0.01%), 95% exhibit a T, change less than +0.06°C. At the global scale, the T,
change is negligibly small (+-0.003°C). Regionally, the mean T, change induced by the direct effect is in the range
of +0.00°C to +0.015°C, with values near the upper bound attained in regions with strong urbanization (regional
AU; > 1%), such as the US and Europe (Figure 3a; Figures S4a and S4b in Supporting Information S1). The
standard deviations of the direct climate effect across all ensemble pairs are negligible, on the order of 0.0002°C
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Figure 3. Spatial patterns of temperature change induced by (a) direct effect, (b) indirect effect, and (c) total effect of
urbanization. (d) Spatial pattern of change in incoming solar radiation. The dotted area in panels (b—d) represents significant

changes at p < 0.05.

ZHANG ET AL.

7 of 17

95U907 SUOWILIOD A1) 9 |cedl|dde ay) Ag peusenob afe 9ol WO 9Sn JO 3| 10} Aleud18UlUO AB]1/W UO (SUONIPUOD-PUe-SLULBIAL0D A8 | 1w Ae1q Ul UO//:SdNY) SUOTIPUOD Pue SWie | 8U) 38S *[5202/20/S2] Uo Aeiqiauliuo Aejim ‘Aisieniun s A Aq 969T#0AMYZ02/620T 0T/10p/uod A8 i Areiq1jputjuo'sgndnBe//sdiy wouy pspeojumoq ‘v ‘SZ0Z ‘96686912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041696

or smaller, confirming that the direct effect from land-only simulations is not influenced by internal variabilities
(Figure S4b in Supporting Information S1).

The indirect effect on T, is larger in magnitude than the direct effect but is heavily influenced by internal climate
variability (Figures 3a and 3b). The grid cell level 7, change induced by the indirect effect ranges from —1.6 to
+1.1°C, with a greater magnitude in the mid- to high latitudes than in the tropics. However, only 29% of the 4216
grid cells that have experienced urban expansion show significance (p < 0.05) since the indirect effect is heavily
influenced by random internal variability at the grid cell level. Regionally, the signal is significant in the US,
Canada, Africa, and Central and South America (p < 0.05; Figure S4c in Supporting Information S1). It is
difficult to draw firm conclusions for other regions because the spread is large across the model ensembles. Under
the SSP5 scenario, the greatest urban expansion (1.6%) occurs in the US, so the positive indirect effect there may
be linked to land use change in the same region. Land use change may also influence the climate far away by
altering atmospheric circulations (Chaorong Chen et al., 2022; Devaraju et al., 2015; Lagué & Swann, 2016), a
process loosely referred to as teleconnection. In Canada, the regional urban fraction change is near zero (0.03%).
The large negative T, change in Canada is likely a result of climate internal variability or a teleconnection induced
by urban expansion in other regions.

3.2. Comparison Between Two Climate Regimes

We divide the land grids into energy-limited (1,051 urbanizing grid cells) and water-limited regimes (3,165
urbanizing grid cells) using an aridity threshold of unity (Section 2.4; Figures 1c and Figure S2 in Supporting
Information S1). The subgrid spatial differences of surface climate variables between urban and rural lands
depend on land aridity. In the water-limited regime where the climate is dry or intermediately wet, the mean 67,
8H, and SAE under the current climate (2015-2024) are +0.99°C, +27, and —28 W m™2, respectively, and are
significantly larger in magnitude than their counterparts in the energy-limited regime (40.61°C, +12, and
—19 W m™%; Figure 4; p < 0.001). These subgrid differences are highly stable over time. For instance, the mean
0T, are +0.99°C and 4+0.98°C in the water-limited regime in the current and the future climate (2061-2071 under
the SSP5-8.5 scenario), respectively. These subgrid features have two implications. First, the subgrid climate
variability under the current climate can be used to predict the direct effect of land use change in the future since
the subgrid contrasts change little over time. Second, according to the space-for-time substitution (Equation 1),
the larger subgrid differences in the water-limited regime mean that the direct climate effect is stronger in the
water-limited climate than in the energy-limited climate for the same amount of urban expansion.

The indirect climate effect is also stronger in the water-limited regime than in the energy-limited regime. Here, we

average the surface climate variables for grid cells that experience low (AU, from 0.01% to 0.5%), median (AU

from 0.5% to 5%), and high urban expansion (AU;> 5%). The mean changes are generally insignificant for the
low and median bins due to weak urban signals and large internal climate variability (Figure 5). For grid cells with
high urban expansion rates in the water-limited regime, the indirect effect significantly increases 7, by 0.20°C
(p <0.05). This change is about twice the change attributed to the direct effect for the same grid cells. In contrast,
the indirect effect on 7, is much smaller (0.04°C) and is insignificant for the high urban expansion grid cells in the
energy-limited regime. For grid cells with high urban expansion, the indirect effect is to decrease RH signifi-
cantly, and the RH changes are 70% (relative change) greater in the water-limited than in the energy-limited
regime (Figures Sc and 5d). Intriguingly, the changes in AE and H induced by the indirect effect have opposite
signs in the two climate regimes. The water-limited regions experience a decreased AE and an increased H while
the reverse is true for the energy-limited regions. The opposite indirect effects on turbulent fluxes indicate that the
dominant atmospheric feedback processes vary between the two climate regimes, which will be further discussed
in the next section. The larger climate effects are observed in the water-limited regime in spite of higher internal
climate variability than in the energy-limited regime (Figures S5a and S5b in Supporting Information S1).

The water-limited regions experience a greater total warming induced by urban expansion for areas with high
urban expansion rates (0.28 = 0.19°C; mean =+ one standard deviation of nine ensemble pairs) than energy-limited
regions. This local warming is about 10% of the global warming caused by GHG calculated from multi-model
ensemble average projections under the SSP5-RCP8.5 scenario (Liang et al., 2020).
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Figure 4. Subgrid spatial differences between urban and rural lands under the current and future climate: (a) Difference in air
temperature, (b) difference in sensible heat flux, and (c) difference in latent heat flux. Box and whiskers show Oth, 25th, 50th,
75th, and 100th percentiles. Color indicates data density, with yellow indicating high density and green or red indicating low
density. Smooth curves are probability density functions. The energy-limited (E-limited) and water-limited (W-limited)
regimes mean values are denoted above the box plots.

3.3. Feedback Processes

Because humidity is generally lower in urban land than in rural land in the same model grid cell (Figure S6 in
Supporting Information S1), a direct consequence of urban expansion is a reduction in the grid cell mean hu-
midity. In areas with strong urbanization, this causes a reduction of low cloud cover and solar brightening, or an
increase in the solar radiation flux incident on the surface, K| (Figure 6a and Figure S7 in Supporting Infor-
mation S1). Solar brightening reinforces surface warming. This indirect effect depends on land aridity. The K|
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Figure 5. Comparison of changes in (a—b) air temperature, (c—d) relative humidity, (e—f) sensible heat flux, (g—h) latent heat
flux between energy-limited (left column) and water-limited regions (right column). White bars: direct effect. Black bars:
indirect effect. Data are presented as bin averages, with the bin average urbanization rate noted in panels (g, h). Error bars
denote one standard deviation of the indirect effect across nine ensemble pairs. Significance with p < 0.1 and 0.05 are
denoted by * and **, respectively.
change is comparable in the two regimes, increasing by 1.0 and 0.8 W m™ in the water-limited and the energy-
limited regimes, respectively, but the indirect effect on 7, in the water-limited regime ( 4+0.20°C) is an order of
magnitude greater than in the energy-limited regime ( 4+0.04°C; Figures 6a, and 6b, and Figure S7 in Supporting
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Figure 6. Comparing indirect effects for the high urban expansion grid cells in water-limited and energy-limited regions:
(a) Downward solar radiation, (b) air temperature, (c) root zone (upper 92 cm) soil moisture, (d) sensible heat flux,

(e) stomatal conductance, and (f) latent heat flux. Error bars denote one standard deviation of the indirect effect across nine
ensemble pairs. The results are computed for grid cells that experience high urban expansion (AU, > 5%).

Information S1). The low temperature sensitivity to K| in the energy-limited regime is also evident when we
examine the spatial correlation between temperature and K| changes across all model grid cells (Figure S8 in
Supporting Information S1). In the water-limited regime, the land surface responds to solar brightening by
increasing H and reducing AE, but in the energy-limited regime where evaporation is constrained by energy
availability, AE is increased and H is decreased slightly (Figures 6d, 6f and 7). The higher evaporation induced by
the atmospheric feedback in the energy-limited regime acts to dampen the 7, increase and humidity decrease.

The high temperature sensitivity to solar brightening in the water-limited regime is linked to soil moisture and
stomatal responses. In areas with strong urban expansion, land use change creates local drying, that is, lower RH,
reduced precipitation, and lower root zone soil moisture (Figures 6¢ and Figure S7 in Supporting Information S1).
Additionally, increased air temperature and decreased RH indicate higher VPD. Plants respond to water stress by
partially closing their stomata, as indicated by the reduction in canopy conductance (G, Figure 6e). In the water-
limited regime, stomatal closure along with lower soil moisture decreases water availability. Since evaporation is
constrained by available water, soil drying and stomatal closure lead to a lower AE by 0.74 W m™ or a relative
decrease of 32% of the direct climate effect on AE (Figure S7 in Supporting Information S1). The reduced
evaporation tends to amplify the 7, increase and the RH decrease initiated by the direct effect of urban land
expansion, forming a strong positive feedback in the water-limited regime (Figure 7b). On the other hand, the
changes in water availability play a minor role in humid, energy-limited regions since the evaporation is
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Figure 7. Land-atmospheric feedback processes in energy-limited (a) and water limited (b) regions. Orange and blue arrows
indicate positive and negative effects, respectively. Values inside and outside parentheses denote indirect effects and total
effects, respectively.

controlled by energy instead of water (Figure 7a). The enhanced evaporation due to atmospheric feedback
dampens warming and drying initiated by land replacement.

Besides the processes in Figure 7, the sea-ice albedo feedback and water vapor feedback have been reported to
enhance temperature responses to deforestation (Bonan et al., 1992; Devaraju et al., 2018; Klocke et al., 2013).
Here, we examined these two processes in relation to urban land expansion, finding that their role is minor (Text
S1 in Supporting Information S1).

The above discussion has focused on the period from 2061 to 2070. Analysis of the simulation results from 2051
to 2060 confirms that warming from urban land expansion is greater in the water-limited regions than in the
energy-limited regions, with most of this warming signal contributed by the indirect climate effect.

4. Discussion

The feedback mechanism revealed by Figures 6 and 7 is consistent with several previous studies showing stronger
atmospheric feedback to land perturbation in the water-limited regime than in the energy-limited regime (Cook
etal., 2015; Devaraju et al., 2018; Seneviratne et al., 2010). For a climate system subject to natural variations, the
most pronounced land-atmosphere coupling is observed in the transitional regions characterized by intermediate
wetness, where evaporation variability, being constrained by soil moisture, is large enough to influence climate
(Koster et al., 2006; Seneviratne et al., 2010). An inference is that, at the same strength of land perturbation, the
atmospheric feedback will be stronger in dry and intermediate wetness regions than in the wet, energy-limited
regions since the soil moisture-evaporation coupling increases with dryness (Seneviratne et al., 2010). This
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explains why the temperature reduction resulting from a unit amount of irrigation is weaker in the wet regions
than in the dry and intermediate regions (Cook et al., 2015; Sacks et al., 2009). In a global deforestation numerical
experiment, the indirect climate effect of deforestation is global cooling, with stronger magnitudes in mid and
high latitudes than in tropical regions, despite high deforestation rates in the Amazon basin and tropical Africa (L.
Chen & Dirmeyer, 2020; Devaraju et al., 2018); This latitudinal gradient again indicates that the atmospheric
feedback is weaker in the energy-limited regime compared to the water-limited regime. We suggest that the
stronger biophysical effect of urbanization in water-limited regions than in energy-limited regions is an intrinsic
characteristic of the climate system.

We have shown that by using subgrid data, the space-for-time substitution allows a precise prediction of the direct
climate effect of urban land replacement. As stated in Section 2.5, an alternative approach is to use grid mean
values in a moving window to perform multiple linear regression between air temperature change, land use
change, elevation, latitude, and longitude (Lejeune et al., 2018; Thiery et al., 2020). The regression term asso-
ciated with land use change is then taken as the direct effect of land use change. However, the direct effect of
urban land expansion estimated with this multiple linear regression approach is too large (Figure S9 in Supporting
Information S1). For the high urban expansion grids, these estimates are 0.21 and 0.24°C in energy-limited and
water-limited regions, respectively, whereas the true direct effects are only 0.07 and 0.09°C, respectively. The
regression approach assumes that grids within the moving window are influenced by the same atmospheric
conditions and that any variations result from land use change within a grid cell, or variations in elevation,
latitude, or longitude. Our work suggests that atmospheric feedback is not uniform even in a small window region
of 7 by 7 grids. This regression approach may perform better for simulations with a higher resolution. At a finer
resolution, the 7 X 7 grid cell windows would occupy a smaller area and the atmospheric feedback would be more
homogeneous in the searching window.

A challenge in quantifying the biophysical effect of urban land expansion is that the signal is relatively weak in
comparison to internal climate variability. This study is limited to an ensemble of three members in each
simulation set. This ensemble gives an accurate characterization of the internal climate variability in comparison
with the ensemble of 100 members generated by the CESM2 Large Ensemble Community Project (Rodgers
et al., 2021) (Figure S5 in Supporting Information S1). Both show higher variability in the water-limited regime
(standard deviation of 0.26°C with three members and 0.32°C with 100 members) than in the energy-limited
regime (0.16°C with three members and 0.20°C with 100 members). However, with only three ensemble
members, the climate effect of urbanization cannot pass statistical tests for two thirds of urbanizing grid cells,
even in some areas with fast urban expansion. For example, in Europe, the regional climate effect is 0.08°C and
the standard deviation of the climate effect among nine experiment pairs is 0.48°C (Figure S4c in Supporting
Information S1). At least 12 members in each set are required for a signal of this strength to pass the #-test at the
95% confidence interval. Our findings underscore the need for large ensemble simulations to detect urbanization
signals.

ENSO phases are a major source of internal climate variability. Using the Troup Southern Oscillation Index with a
threshold of =7 (Wahiduzzaman et al., 2020), we find that the six fully coupled simulations experience three to
four ENSO events in 2061-2070. ENSO phases may influence the direct climate effect of urban land expansion
by changing UHI and UDI intensities and the indirect effect by changing the strength of atmospheric feedback.
Fitria et al. (2019) reported that the UHI in cities to the west of the Pacific Ocean increases during El Nifio while
those to the east increases during La Nifia. ENSO cycles are known to influence rainfall distribution, cloud
pattern, and soil moisture (Le & Bae, 2022; K. Xu et al., 2017). How ENSO modulates atmospheric responses to
urban land expansion in energy-limited and water-limited regions remains to be explored.

Several limitations related to the global climate model should be considered when interpreting the results of this
study. Although CESM has been widely used to study the impact of land use change on precipitation and monsoon
(H. Chen et al., 2016; Devaraju et al., 2015; Jiang et al., 2017), the coarse resolution and uncertainty in its cloud
and convection scheme remain a major challenge in property simulating land-atmospheric feedback. Addition-
ally, atmospheric feedback is scale-dependent (L. Chen & Dirmeyer, 2020; R. Xu et al., 2022). At small scales
(~1 km), mesoscale circulations and convection processes may play a role. At the climate model grid scale
(~100 km), these processes are not explicitly simulated. The scale effect can be further investigated using fine
resolution, convection-permitting simulations.
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In CLM, urban vegetation is implicitly represented as pervious ground in street canyons, which captures the
enhanced evaporation due to urban vegetation. However, more complicated processes such as root water uptake
and canopy drag on air motion are not explicitly represented. The model shows a good performance in simulating
the latent heat flux when comparing to observations from flux towers (Lipson et al., 2023; Oleson & Fed-
dema, 2020). The humidity decrease due to urban expansion may be overestimated in water-limited cities with
irrigation activities. Despite the potential overestimation, the urban dry island is observed for many water-limited
cities (Kuttler et al., 2007; Robaa, 2013; Saffell & Ellis, 2002), in agreement with the simulated urban dry island
distribution across a climate wetness gradient (K. Zhang et al., 2023). The model has also reproduced the spatial
patterns of multi-year mean observed air and surface urban heat islands (K. Zhang et al., 2023; Zhao et al., 2014).

The assumption that urban expansion first replaces natural vegetation and then cropland, although reasonable,
may not always hold. Cropland is generally warmer than the primary and secondary land (forest, grassland, and
bare soil) in low latitudes and colder in the mid- to high latitudes (T. Tang et al., 2023). In tropical regions, if urban
expansion reduces the cropland first, the direct and indirect climate effects may be weaker than those shown by
our simulations, and the reverse may be true in mid- to high latitudes. This uncertainty depends on the location and
cropland management regime, but it is unlikely to change our conclusions.

In our study, we have omitted future changes in urban density or in biophysical properties. Historically, cities
have been growing both outward and upward (Frolking et al., 2024) and urban green coverage has been changing
(Chi Chen et al., 2021; Richards & Belcher, 2019; Yang et al., 2014). If these changes continue, future urban areas
may have different radiative, thermal, and morphological properties (Chakraborty & Qian, 2024). However, we
consider lateral urban expansion as the first-order driver of regional biophysical property changes (Richards &
Belcher, 2019). This is because urban versus rural contrast in biophysical properties is much larger than variations
of these properties among built-up lands. For example, in our simulations, the urban-rural albedo contrast (mean
value: 0.05) is much larger than the contrast among cities with various development levels (maximum contrast:
0.015) across the US. A national level remote sensing analysis found that the median of urban vegetation fraction
decreased slightly from 47% to 42% from 2000 to 2015, especially in rapidly developing countries in Africa, Asia,
and South America (Richards & Belcher, 2019). In another related study, Chakraborty and Qian (2024) found that
urbanization tends to reduce regional greenness, albedo, and roughness in most areas, and this urban signal has
become stronger from 2003 to 2019. If these trends continue into the future, they are more likely to enhance
warming and drying caused by urban land expansion and therefore lead to stronger land-atmospheric feedback
processes shown in Figure 7 and are less likely to reverse the direction of these feedback processes. We hope this
study encourages more efforts to develop future projections of urban properties, including building height and
vegetation fraction.

5. Conclusions

Currently, the biophysical effect of urban expansion has been overlooked in all climate projections because none
of the climate models can simulate spatially explicit urban expansion. In this study, we use CESM with a new
dynamic urban scheme to examine the direct and indirect climate effect of global urban land expansion. The direct
climate effect due to surface property changes in urban land transition is small in magnitude and highly pre-
dictable. The space-for-time substitution equation (Equation 1) predicts the direct climate effect accurately using
urban-rural climate spatial contrasts and urban fraction change. At the same amount of urban expansion, the direct
climate effect is stronger in the drier water-limited climate regime than in the more humid energy-limited regime.

The indirect climate effect due to land-atmospheric feedback is larger than the direct climate effect but its grid
level value is heavily influenced by internal climate variability. For grids with urban expansion exceeding 5% in
2070, the indirect effect significantly increases air temperature by 0.2°C in the water-limited regime, which is
greater than the increase in the energy-limited regime (0.04°C). The stronger indirect climate effect in the water-
limited regime is explained by three atmospheric feedback processes: solar brightening, regional drying, and
stomatal closure. These responses lead to increased sensible heat flux and decreased latent heat flux in the water-
limited regime where evaporation is limited by water availability. However, in the energy-limited regime,
evaporation is not sensitive to regional drying and stomatal closure. In this regime, the increased incoming solar
radiation leads to increased latent heat flux. As a result, the atmospheric feedback strongly increases air tem-
perature in the water-limited regime, but changes temperature little in the energy-limited regime. Strong urban
expansions lead to a nontrivial total warming of 0.28 and 0.11°C in the water-limited and energy-limited regions.
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