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Abstract

Urban–climate interactions in a warming climate remain largely uncertain; therefore, it is
crucial to realistically evaluate and project these feedbacks to establish effective adaptation
strategies. This study investigates projected shifts in summertime urban–climate interac-
tions over eastern North America by employing the GEM regional climate model coupled
with the Town Energy Balance (TEB) scheme, driven by RCP4.5 and RCP8.5 scenarios for
the 1981–2100 period. Evaluations for the current climate (1981–2010) demonstrate that the
model simulates an urban-induced warming of 0.5–0.7 ◦C and a precipitation reduction
of 0.2–0.4 mm/day with high fidelity. By the late 21st century (2071–2100), projections
under the RCP8.5 scenario indicate a steady weakening of the summer mean Urban Heat
Island (UHI) intensity by approximately 0.10 ◦C, with a more pronounced nighttime atten-
uation of 0.15 ◦C. Physically, this weakening is attributed to an enhanced urban-induced
evaporative fraction, which limits solar radiation storage within the urban fabric during
the day, thereby reducing the thermal energy available for post-sunset release. This UHI
attenuation correlates strongly with localized increases in precipitation, particularly in
coastal regions where urban-induced effects contribute 20–40% to the total precipitation
rise. While this study intentionally utilizes static urban boundaries to isolate the specific
sensitivities of current urban morphologies to global warming, these results emphasize
that diverse climatological regions will undergo distinct urban–climate feedback changes,
providing essential baseline data for resilient urban planning.

Keywords: urban–climate interaction; regional climate model; RCP scenarios; North America

1. Introduction
Rapid urbanization in recent decades has strongly modified social and environmental

conditions and in particular can bring out more extreme temperature and precipitation
events [1–4]. Considering the fact that today 55% of the entire world’s population lives in
urban regions and the percentage is projected to increase to 68% by 2050 [5], this means that
humans may be more extensively exposed to the hazards resulting from severe weather
and climate extremes in urban areas. In particular, the role of urban–climate interactions
in a warming climate remains largely uncertain; therefore, realistically evaluating and
projecting urban–climate interactions for both current and future climates is crucial for
establishing effective adaptation and mitigation strategies against anthropogenic warming
(e.g., greenhouse gas-induced warming and the Urban Heat Island effect).
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Global climate model-based studies have been conducted to evaluate the changes
in relative effects in UHI effects under the greenhouse gas-induced warming climate
(e.g., [6–9]). For example, Oleson [8] in his study of using a new parameterization of urban
areas in the Community Climate System Model version 4 (CCSM4), reported that the
globally averaged UHI, defined as the simulated urban minus rural air temperature, at
the end of the 21st century is similar to that of the current climate under Representative
Concentration Pathway (RCP) 2.6 and 4.5 scenarios but decreases in RCP8.5. These UHI
decreases of around 0.13 ◦C and 0.08 ◦C are simulated, respectively, during daytime
and nighttime, and the daytime UHI decrease is mainly associated with the changes
in evaporation for urban and non-urban/rural regions. They, therefore, suggested that
the distinct characteristics of the urban region must be accounted for when developing
climate change projection, as urban and non-urban/rural regions respond differently to
climate change.

A good alternative approach for simulating urban–climate interactions is the employ-
ment of regional climate models, which facilitate high-resolution modeling of atmospheric
and land surface fields (e.g., [2,10–12]). Recently, the integration of regional climate dy-
namic downscaling with advanced urban surface parameterizations has emerged as a
highly effective approach for climate studies. This coupled framework enables a realistic
representation of regional-scale thermodynamic and hydrological impacts across diverse
urban surfaces—such as roofs, walls, and roads—without the computational necessity of
explicitly resolving micro-scale canyon dynamics [1,2,13]. The horizontal resolution of
0.22◦ (approximately 25 km) adopted in this study is consistent with established regional
climate downscaling initiatives, such as CORDEX, and is optimally designed to capture
mesoscale processes and land–atmosphere interactions while maintaining the feasibility of
long-term climate simulations. Accordingly, the primary methodological strength of this
research lies in the synergy between dynamic downscaling and physically based urban
parameterization. This integrated approach ensures a physically consistent representation
of regional urban-climate feedbacks, providing a robust foundation for assessing future
urban–climate interactions. Bélair et al. [13] and Daniel et al. [1] proved the enhanced
performance of the regional climate model integrated with the advanced urban canopy
parameterization in reproducing extreme precipitation through the enhanced lateral inflow
of moist static energy in Tokyo, Japan, and the diurnal variation of 2 m surface temperature
in Paris, France, respectively. Oh and Sushama [2] in their study assessing urban–climate
interactions during the summer for eastern North America spanning 1981 to 2010, utilizing
paired regional climate model simulations with and without an urban canopy parameteri-
zation, reported that the realistically simulated higher urban temperature can contribute to
strengthening thermal and dynamic convections, which result in more hourly precipitation
extremes for high-temperature bins, particularly for coastal and Great Lakes urban regions.
In addition, they demonstrate the difference in urban–climate feedbacks across distinct cli-
matic zones, which suggests the necessity of improved urban parameterization in regional
climate models to produce reliable climate projections.

While previous regional modeling efforts have successfully demonstrated the added
value of urban parameterizations in present-day climates (e.g., [2]), the transient response
of urban–climate feedbacks under sustained greenhouse gas forcing remains largely unex-
plored at the regional scale. Therefore, the purpose of this study is to systematically assess
how projected shifts in background climate alter summertime urban–climate interactions
over eastern North America across diverse emission scenarios. By isolating the specific
sensitivities of urban morphologies to varying degrees of global warming, this study will
provide crucial baseline data to support climate-resilient urban planning, particularly in
anticipating non-linear shifts in the urban hydrological cycle and localized heat stress.
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The remainder of this paper is organized as follows. Section 2 briefly outlines the
regional climate model, the urban canopy parameterization, and the experimental frame-
work applied in this research. Section 3 presents an evaluation of the performance of
paired regional climate simulations—both incorporating and excluding the urban canopy
parameterization—for the current climate compared to observations, thereby assessing
the enhanced performance of the integrated modeling approach. Based on this, projected
changes to urban–climate interactions for the future climate compared to the current climate
are assessed. The summary and conclusion are presented in Section 4.

2. Model and Experimental Design
2.1. Regional Climate Model

The regional climate model used in this study is the limited-area version of the Global
Environmental Multiscale (GEM) model, developed by Environment and Climate Change
Canada (ECCC) [14,15]. The GEM model employs a non-hydrostatic dynamical core, an
Arakawa C-grid staggering in the horizontal, and a hybrid terrain-following vertical coor-
dinate system. It employs a two-time-level semi-Lagrangian implicit scheme. Consistent
with Oh and Sushama [2], this study employs the deep convection parameterization of
Kain and Fritsch [16], the shallow convection scheme of Bélair et al. [17], and the resolvable
large-scale precipitation scheme of Sundqvist et al. [18]. Solar and terrestrial radiation are
computed using the correlated-k parameterization [19]. The model employs the planetary
boundary layer parameterization developed by Benoit et al. [20] and Delage [21], incor-
porating modifications by Zadra et al. [22]. The Canadian Land Surface Scheme (CLASS,
version 3.5) [23], which has been used and evaluated in many previous studies (e.g., [12]), is
used as the land surface parameterization. In this study, CLASS is configured with 26 levels
reaching a total depth of 10 m. In CLASS, the thermal budget is computed for all soil layers,
while the hydrological budget is restricted to layers above the bedrock. For urban–climate
interactions, urban regions are treated as bare soil with reduced permeability within the
scheme. Therefore, we use the Town Energy Balance (TEB) [24,25] scheme, which is based
on the mean urban canyon approach [26], to simulate urban–climate interactions with
high fidelity. The TEB scheme is composed of elementary urban surfaces, such as roofs,
roads, and walls. Accordingly, the scheme utilizes averaged geometric parameters—such
as building height, density, and street aspect ratio—alongside mean thermal and radiative
properties. The temporal evolution of roof, wall, and road temperatures is prognostically
calculated through individual surface energy budgets, including conductive heat trans-
fer. Several studies have employed the GEM model coupled with the TEB scheme [2,13],
demonstrating its enhanced performance in simulating urban climates. More compre-
hensive details of the TEB parameterization can be found in Masson [24] and Masson
et al. [25]. Furthermore, to represent lakes, the model incorporates the one-dimensional
FLake model [27].

2.2. Experimental Design and Methodology

The experimental design of this study follows the framework established by Oh and
Sushama [2]. The model domain covers eastern North America and its adjacent oceans
(Figure 1), consisting of 145 × 148 grid points at a 0.22◦ spatial resolution (~25 km) with
62 vertical levels. While this resolution is relatively coarse for resolving micro-scale canyon
dynamics, it has proven sufficient for capturing the regional-scale thermodynamic and
hydrological impacts induced by urban parameterizations. To isolate the specific feed-
back mechanisms associated with urban coupling, this study employs a highly controlled,
process-oriented sensitivity analysis based on the CanESM2–GEM modeling chain. Rather
than providing probabilistic projections, this single-chain approach is designed to avoid
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compounding structural uncertainties inherent in multi-model ensembles, thereby allowing
for a clearer isolation of the thermodynamic and hydrological responses strictly driven
by urban processes. The GEM regional climate model provides a robust, well-established
framework for urban simulations through its coupling with the Town Energy Balance (TEB)
scheme, demonstrating high fidelity in capturing 2 m surface climate responses [2,13]. As
the driving global model, CanESM2 ensures superior dynamical consistency with the GEM
framework, given its extensively evaluated capacity to realistically reproduce large-scale
atmospheric circulation and boundary forcings over the study region [27,28]. The simula-
tions are driven by the Representative Concentration Pathway (RCP) 4.5 and 8.5 scenarios,
maintaining strict dynamical consistency with the CMIP5-generation CanESM2 forcings.
Transitioning to different driving global models solely to incorporate Shared Socioeconomic
Pathway (SSP) scenarios would introduce structural deviations that could obscure the
targeted interpretation of urban–climate feedbacks. Furthermore, the large-scale radiative
forcing trajectories of RCP4.5 and RCP8.5 remain physically robust and are widely recog-
nized as comparable to those of SSP2-4.5 and SSP5-8.5, respectively [29,30]. Because this
study focuses on urban-induced relative changes under comparable warming conditions,
these thermodynamic forcings provide a valid and scientifically robust baseline. Ultimately,
this single-model framework minimizes inter-model spread, offering a highly controlled
environment to identify specific physical mechanisms prior to broader multi-model ensem-
ble assessments [31]. The added value of dynamic downscaling (discussed in Section 3.1)
partially mitigates the coarse-resolution biases inherent in the driving CanESM2 data.
Two experiments, with and without the TEB scheme, are performed to investigate urban–
climate interactions over the model domain for the 1981–2100 period driven by RCP4.5 and
RCP8.5 [32] scenarios starting from 2006. The choice of RCP scenarios ensures consistency
with previous studies (e.g., [2]). Furthermore, because RCP4.5 and RCP8.5 share analogous
end-of-century radiative forcing targets with SSP2-4.5 and SSP5-8.5, respectively, the funda-
mental physical mechanisms and urban–climate feedbacks identified in this study remain
highly relevant to interpreting contemporary CMIP6 projections. The simulations with and
without the TEB scheme will be named as GEM_TEB and GEM, respectively, and in this
study, we consider the difference between GEM_TEB and GEM (GEM_TEB minus GEM) as
urban impacts. For representing realistic urban characteristics in the GEM_TEB experiment,
the pavement and building fractions are specified using recent information from Open-
StreetMap [13]; the urban fraction is presented in Figure 1 as the sum of the above two
variables. For the GEM_TEB experiment, TEB-specific urban parameters such as building
height, canyon aspect ratio, roof (wall/road) albedo and emissivity, and roughness length,
etc., are required. While maintaining fixed urban boundaries throughout the 21st century
may underrepresent the total future urban heat hazard by excluding urban expansion, this
idealized setup provides a controlled framework to strictly isolate the thermodynamic
sensitivity of current urban morphologies to greenhouse gas forcing.

The spatial domain of this study encompasses eastern North America (Figure 1), repre-
senting a geographically coherent region characterized by a humid and precipitation-active
climate regime. This domain provides a highly constrained framework for examining ther-
modynamic and hydrological responses to warming, as urban–climate interactions within
this region are strongly governed by moisture availability, land–atmosphere coupling, and
convective processes [2,33]. Moreover, the high density of major urban centers distributed
across distinct yet dynamically related climate sub-regimes—including humid subtropical,
continental, and Great Lakes-influenced environments—facilitates a robust comparative
analysis under a relatively consistent large-scale atmospheric circulation.

To rigorously isolate the physical mechanisms driving urban–climate feedbacks, the
experimental design minimizes confounding large-scale climatic variability [31]. By re-
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stricting the analysis to moisture-abundant environments, the framework precludes the
convolution of distinct thermodynamic processes that dictate urban boundary layers in
arid and semi-arid regimes (e.g., the western United States and Mexico) [27]. Consequently,
this strictly defined spatial boundary establishes a highly controlled baseline, ensuring that
the sensitivity of urban morphologies to warming is evaluated within a consistent set of
humid and continental background conditions.

Figure 1. Model domain (excluding blending and halo zones) with topography (in m; left panel) at
0.22◦ horizontal resolution. The three sub-regions ((a)coastal, (b) Great Lakes and (c) inland regions)
used for detailed analysis and urban fractions (in %; upper-right panel). The pavement and building
fractions (%) over the study domain (lower panels).

To evaluate two model simulations and assess the added value of GEM_TEB for the
current climate (1981–2010), the Daymet version 3 daily gridded dataset [34], which pro-
vides a daily temporal resolution and 1 km horizontal resolution over North America, is
used for the same current period. The observed variables are interpolated to the model
grid to facilitate comparison. In addition, we together use the GEM simulations with and
without the TEB scheme driven by the European Centre for Medium-Range Weather Fore-
cast (ECMWF) Re-Analysis (ERA)-Interim [35] for the current climate (1981–2010), which
are used in Oh and Sushama [2], to quantify the uncertainty associated with boundary
forcing data. In addition, the interpolated 2 m surface temperature and precipitation of
CanESM2 to the model grid for the current climate (1981–2010) are also used to assess the
added value of dynamic downscaling.
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In this study, the comparison of model simulations is conducted with respect to the
following processes and mechanisms: (1) comparison of spatial distribution of 2 m surface
temperature and precipitation and related surface energy fluxes, and evaluation of the
added value of the coupled simulation with TEB for the current climate (1981–2010), (2) time
series analysis of urban impacts on the simulated 2 m surface temperature and precipitation
according to RCP scenarios, and related mechanism analysis based on the correlation matrix.
The simulated 2 m surface temperature and precipitation for the current climate (1981–2010)
are evaluated against observations and the differences in simulated surface energy fluxes
are used to explain urban-induced climate processes. In addition, a Taylor diagram is used
to assess the added value of the coupled simulation with TEB for climatologically different
regions [36]. In brief, in this study, fundamentally a point with a normalized standard
deviation and spatial correlation coefficient of one is the reference point, which indicates
perfect model performance. The distance from each model point to the reference point,
therefore, indicates the model errors related to spatial patterns. To investigate the causes of
changes in urban-induced surface variables for future climate, a linear relationship in the
difference between projected changes in various surface variables (e.g., daily maximum
and minimum temperatures, evaporation fraction, downward longwave radiation, surface
wind speed, etc.) simulated by GEM_TEB minus GEM for future climate (2071–2100)
compared to the current climate (1981–2010) is summarized through a correlation matrix.

3. Results
3.1. Evaluation of Urban–Climate Interactions for Current Climate

Figures 2 and 3 show the spatial distribution of observed and modeled mean summer
2 m surface temperatures (◦C) and precipitation (mm/day) for the current climate (1981–
2010), respectively. Taylor diagrams for 2 m surface temperature and precipitation in three
sub-regions such as coastal, Great Lakes, and Inland regions are also presented to assess
the added value of the coupled simulation with the TEB scheme. Notably, the Taylor
diagram analysis exclusively utilizes grid cells with an urban fraction exceeding 8% for
each sub-region, as depicted in Figure 1. As reported by Oh and Sushama [2], in general,
GEM_TEB driven by ERA-Interim reproduces well the observed spatial patterns of 2 m
surface temperature and precipitation, which shows high spatial correlations of around
0.94 and 0.61 and small biases of 0.28 ◦C and 0.18 mm/day, respectively. This means that
GEM_TEB can realistically capture the spatial patterns of two surface variables affected by
climatologically geographic locations when driven by the perfect boundary forcing data.

However, GEM_TEB driven by CanESM2 shows systematic warm and dry biases of
3.05 ◦C and 1.19 mm/day, respectively, for 2 m surface temperature and precipitation over
the entire analysis domain compared to observations, and these systematic warm and dry
biases seem to be inherited from its driving data, CanESM2 (Figures 2a and 3a). However,
for 2 m surface temperature, GEM_TEB driven by CanESM2 realistically reproduces geo-
graphical features of temperature induced by the difference in latitude, land cover, and to-
pography, compared to CanESM2, which results in an improvement in the statistics for bias
(GEM_TEB: 3.05 ◦C, CanESM2: 4.67 ◦C) and spatial correlation (GEM_TEB: 0.86, CanESM2:
0.78). For precipitation, model performance varies across the regions but GEM_TEB driven
by CanESM2 simulates stronger precipitation intensities for the mountainous region and
coastal region compared to CanESM2, leading to improved performance compared to ob-
servations. In particular, higher spatial correlation in GEM_TEB (0.50) than CanESM2 (0.46)
is found for the entire analysis domain (Figure 3a). Although the driving global model
introduces systematic mean-state biases, the magnitudes of the simulated urban-induced
warming (0.5–0.7 ◦C) and precipitation reduction (0.2–0.4 mm/day) are physically realistic
and consistent with previous observational and modeling studies [1–3,37,38]. While di-
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rect station-based validation is inherently constrained by scale mismatches between point
observations and regional grids, the simulated regional urban responses align well with
established urban-climate dynamics [39]. Crucially, previous simulations over the identical
domain driven by the ERA-Interim reanalysis—which demonstrate significantly improved
baseline performance—yield analogous spatial patterns and urban-induced thermody-
namic responses [2]. This consistency across independent boundary forcings confirms that
the simulated urban–climate signals are physically robust and not merely artifacts of the
CanESM2 biases. Therefore, the above results indicate that GEM_TEB has the added value
of dynamic downscaling when compared to its driving data, CanESM2.

Figure 2. Performance evaluation for summer mean 2 m surface temperature (◦C) during the current
climate (1981–2010): (a) spatial distribution of observed and modeled values, including domain-wide
bias (B), root mean square error (R), and spatial correlation (C); (b) Taylor diagrams comparing
simulations with and without the TEB scheme driven by ERA-Interim and CanESM2 across three sub-
regions (coastal, Great Lakes, and inland). To ensure clear identification of the multi-dimensional data
points, please refer to the high-resolution version of this figure; all markers for different experiments
and datasets are clearly distinguishable upon magnification.
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Figure 3. As in Figure 2, but for summer mean precipitation (mm/day): (a) spatial distribution
with associated performance statistics (B, R, and C) and (b) Taylor diagrams across the three sub-
regions for various model configurations and driving datasets. Regarding the dense symbol layout,
please refer to the high-resolution version of this figure to ensure markers are clearly distinguishable
upon magnification.
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The Taylor diagram analysis confirms the noticeable improvement provided by dy-
namic downscaling for 2 m surface temperature and precipitation across all sub-regions,
particularly for coastal urban grids. The comparison of 2 m surface temperature between
the simulations with and without the TEB scheme suggests that GEM_TEB experiments
show the improved performance for all sub-regions, irrespective of the driving datasets,
compared to the GEM experiments. In particular, the spatial correlations are relatively
higher by around 0.03–0.07 depending on region and driving dataset (Figure 2b). On
the other hand, for precipitation, the GEM_TEB experiments also show the better perfor-
mance for all sub-regions than those of the GEM experiments, irrespective of the driving
dataset. Interestingly, while the spatial correlations for precipitation show only marginal
gains, the normalized standard deviations are noticeably improved, moving closer to the
observation-based value of one. This indicates that the inclusion of the TEB scheme signifi-
cantly enhances the model’s ability to reproduce the spatial variability and magnitude of
urban-induced convective precipitation, even if the precise linear spatial pattern remains
challenging to capture at this resolution. The above validation results, therefore, indicate
that the GEM_TEB experiments improve the overall representation of climatological fea-
tures for 2 m surface temperature and precipitation across urban grids compared to the
GEM experiments.

Figure 4 presents the spatial distributions of summer mean differences (GEM_TEB
minus GEM) for 2 m temperature, precipitation, albedo, sensible and latent heat fluxes,
and 2 m specific humidity under the current climate (1981–2010). The CanESM2-driven
simulations indicate that urban regions experience a statistically significant (p < 0.05)
temperature increase of 0.5–0.7 ◦C and a precipitation reduction of 0.2–0.4 mm/day relative
to the GEM experiment. These surface modifications directly correspond to reduced albedo
(1–3%) and limited soil moisture availability within the urban canopy. Consequently, the
enhanced absorption of daytime solar radiation and restricted evapotranspiration lead to a
pronounced shift in surface energy partitioning, characterized by increased sensible heat
flux (>16 W m−2) and decreased latent heat flux (>16 W m−2) in urbanized cells. The lower
precipitation over urban and surrounding rural areas is thus a direct consequence of the
reduced 2 m specific humidity (0.3–0.6 g kg−1) driven by this latent heat flux deficit.

Importantly, the partitioning of surface energy fluxes associated with the TEB param-
eterization demonstrates robust physical consistency regardless of the driving boundary
conditions. A comparison of these CanESM2-driven surface energy flux anomalies with
those derived from ERA-Interim-driven simulations [2] reveals that the spatial structures
and magnitudes are statistically comparable. This agreement indicates that the urban-
induced modifications to the surface energy balance are fundamentally governed by the
intrinsic physical properties of urban surfaces—such as increased imperviousness and
reduced evapotranspiration—rather than by non-linear amplifications arising from the
background climate state. The secondary role of large-scale atmospheric biases relative to
parameterized urban processes confirms that the physical attribution of urban-induced
changes remains robust. Consequently, the projected future urban impacts simulated under
the CanESM2 forcing can be interpreted with high physical confidence, which is the focus
of Section 3.2.

https://doi.org/10.3390/atmos17050441

https://doi.org/10.3390/atmos17050441


Atmosphere 2026, 17, 441 10 of 22

 
Figure 4. Spatial distribution of the differences (GEM_TEB minus GEM) in the modeled summer 2 m
surface temperature (◦C), precipitation (mm/day), sensible and latent heat fluxes (W/m2), albedo
(%), and 2 m surface humidity (g/kg) for current climate (1981–2010). The hatched areas indicate
the urban regions. The results in these sub-figures are obtained from GEM_TEB and GEM driven
by CanESM2. To ensure transparent reporting of statistical robustness, only grid cells exhibiting
significant changes at the 5% significance level (p < 0.05), determined by a two-tailed Student’s t-test,
are color-shaded to highlight physically robust signals. Areas not meeting this threshold are masked
(left blank) to avoid the misinterpretation of insignificant noise.

3.2. Projected Changes to Urban–Climate Interactions

Figure 5 shows the time series for projected changes to 2 m surface temperature (◦C)
and precipitation (mm/day) simulated by GEM_TEB driven by CanESM2 over all urban
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regions for the 2011–2100 period according to the RCP4.5 and 8.5 scenarios with respect to
the current climate (1981–2010). In addition, the time series of the difference between the
GEM_TEB and GEM experiments (GEM_TEB minus GEM) over all urban regions are also
presented to investigate the changes in urban impacts on the two surface variables under
the RCP scenarios. To reiterate, the analysis focuses exclusively on grid cells with urban
fractions exceeding 8% for each sub-region, as shown in Figure 1, which are used in the
analysis, and a 10-year moving average approach is applied to filter out stochastic noise
from outliers and highlight decadal trends. For the time series projected by GEM_TEB, in
general, 2 m surface temperatures in summer over urban areas are generally expected to
continue rising sharply, particularly under the RCP8.5 scenario, where temperatures are
projected to be approximately 8 ◦C higher by the end of the 21st century compared to the
current climate. In the RCP4.5-based projections, despite a slower rate of increase than in
RCP8.5, temperatures are expected to continue rising until 2060. However, from the 2060s
onwards, large inter-decadal variation is anticipated without a continuous warming trend,
resulting in temperatures about 3 ◦C higher at the end of the 21st century than in the current
climate. Conversely, for precipitation, no clear long-term trends are found, unlike for 2 m
surface temperature, although large interannual variability is expected. Interestingly, the
mean value for future precipitation under the RCP8.5 scenario is expected to be overall
lower by around 0.3 mm/day than that of the current climate.

Examining the time series of the simulated deviations of GEM_TEB relative to GEM for
2 m surface temperature, the summer mean UHI intensity is projected to steadily diminish
(by approximately 0.10 ◦C) until the end of the 21st century, which is primarily associated
with a noticeable weakening (about 0.15 ◦C) of Urban Heat Island (UHI) intensity during
nighttime. In daily maximum temperature based on the RCP8.5 scenario, the weakening
(about 0.09 ◦C) of Urban Heat Island (UHI) intensity is noticeably found by 2030 but
after that inter-decadal variability with no additional weakening trend is expected, which
seems to be related to urban-related precipitation variations. For the RCP4.5 scenario,
the weakening (about 0.06 ◦C) of Urban Heat Island (UHI) intensity during nighttime is
also found by 2050, similarly to the RCP8.5 scenario, but after that, there is no weakening
trend. This seems to coincide with the time when RCP4.5-based GEM_TEB simulated
temperature rise stops and stabilizes (Figure 5a). For daily maximum temperature based
on the RCP4.5 scenario, weakening trend of Urban Heat Island (UHI) intensity by 2030 is
similar to RCP8.5 but Urban Heat Island (UHI) intensity is dramatically restored between
2030 and 2035 to values similar to the current climate and even strengthens by around
0.06 ◦C between 2035 and 2045 compared to the current climate. These opposite results
between 2035 and 2045 according to RCP scenarios can be explained by the spatial pattern
of the precipitation difference for this period. That is, as shown in Figure 6, for the RCP4.5
scenario, the 2035–2045 minus 1981–2010 summer climatology of GEM_TEB minus GEM-
simulated precipitation is relatively small for urban areas, which are well-matched with the
higher daily maximum temperature. Therefore, this indicates that the different precipitation
variations depending on RCP scenarios—specifically the stabilization of warming in RCP4.5
versus the sustained warming and altered hydrologic cycle in RCP8.5—subsequently affect
urban–climate interactions. In the high-emission RCP8.5 scenario, the intensified urban-
induced convective precipitation leads to a more robust increase in the evaporative fraction,
resulting in a more pronounced weakening of the summer mean UHI compared to the
RCP4.5 scenario. Interestingly, the variability in urban-induced precipitation difference
is expected to grow further after 2060, which seems to largely affect fluctuation in urban-
induced daily maximum temperature.
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Figure 5. (a) Projected changes in 2 m surface temperature (◦C) and precipitation (mm/day) simulated
by GEM_TEB driven by CanESM2 according to RCP scenarios with respect to the 1981–2010 period
over all urban regions. The 10-year moving average of summer means is shown to highlight long-term
trends. (b) Timeseries of differences between projected changes to 2 m surface temperature (◦C), total
precipitation (mm/day), and daily maximum and minimum temperatures (◦C) simulated by two
experiments (GEM_TEB minus GEM) are also shown. Raw values are presented here to illustrate the
full, continuous spectrum of variability; values near zero inherently indicate a lack of statistically
significant urban-induced impact. The gray solid line in each sub-figure indicates the mean value of
the difference between the two experiments for the 1981–2010 period.

Figures 7 and 8 show the projected changes to the spatial distribution of summer mean
2 m surface temperature (◦C) and precipitation (mm/day) simulated by GEM_TEB driven
by CanESM2 for the future climate (2071–2100) based on the RCP4.5 and 8.5 scenarios, re-
spectively, compared to the current climate (1981–2010). The differences between future and
current climates simulated by GEM_TEB minus GEM for daily maximum and minimum
temperatures, evaporative fraction (defined as the ratio of latent heat flux to the sum of la-
tent and sensible heat fluxes), and precipitation are also presented to investigate the causes
of changes in urban–climate interactions. Overall, GEM_TEB projects summer temperature
increases over the entire analysis domain for the future climate, with relatively higher
increases for high-latitude regions and under the RCP8.5 scenario. The area-averaged
temperature increase is about 3.28 ◦C in RCP4.5 and 6.43 ◦C in RCP8.5. For precipitation
changes in both RCP scenarios, opposing trends depending on climatological regions are
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expected. Specifically, precipitation is projected to increase by around 0.5–1.0 mm/day for
coastal regions but precipitation decreases by around 0.5–1.0 mm/day for Great Lakes and
inland regions are projected, which, as a result, lead to minimal net changes in the domain
average (−0.10 to −0.25 mm/day) due to the offsetting effects between coastal increases
and inland decreases. However, these regional disparities are statistically significant at the
grid level and play a critical role in driving localized urban–climate feedback mechanisms.
The contrasting precipitation responses—whereby coastal increases are largely offset by
inland decreases, resulting in a minimal net regional change—are fundamentally governed
by spatially distinct thermodynamic mechanisms. In coastal regions, the amplified land–sea
thermal contrast under warming conditions intensifies local convergence and convective
activity, which is effectively sustained by an abundant marine moisture supply. Conversely,
inland regions experience pronounced boundary-layer drying driven by elevated tem-
peratures and increased vapor pressure deficits (VPD), which severely restrict moisture
availability for precipitation. Consequently, the relatively small net change in precipitation
at the regional scale reflects a competing influence between moisture-enhanced convection
near the coasts and moisture-limited suppression inland. These spatially coherent thermo-
dynamic patterns provide a robust physical framework for understanding the near-zero net
precipitation change across the broader domain, highlighting the critical role of proximity
to continuous moisture sources in modulating urban–climate feedbacks.

Figure 6. The 2035–2045 minus 1981–2010 summer climatology of GEM_TEB minus GEM-simulated
daily maximum temperature and total precipitation, driven by CanESM2 based on RCP4.5 and 8.5
scenarios. In these spatial maps, only grid cells with changes significant at the 5% level (p < 0.05)
based on a Student’s t-test are color-shaded, while non-significant values are left blank to highlight
robust anomalies. This specific decadal window highlights the anomalous strengthening of the
daytime Urban Heat Island (UHI) intensity observed strictly under the RCP4.5 scenario.
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Figure 7. Comparative grid for the RCP4.5 scenario illustrating: (a) absolute projected changes
(2071–2100 minus 1981–2010) and (b) the shift in urban impacts, calculated as [Future (GEM_TEB
minus GEM)] minus [Current (GEM_TEB minus GEM)] to isolate the thermodynamic evolution of
urban feedbacks. The evaporative fraction is defined as the ratio of latent heat flux to total surface
heat flux. Regarding statistical transparency, hatching in (a) indicates 5% significance, while in (b),
only significant differences (p < 0.05) are color-shaded. Hatched areas in (b) denote urban regions,
and all temperature changes in (a) are statistically significant.
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Figure 8. As in Figure 7, but for the RCP8.5 scenario: (a) absolute projected changes (2071–2100
minus 1981–2010) and (b) the shift in urban impacts based on the double-differencing formulation
described previously. Statistical reporting follows the same criteria: hatching in (a) and color-shading
in (b) denote 5% significance (p < 0.05). Hatched areas in (b) indicate urban regions, and surface air
temperature changes in (a) are all statistically significant.
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Regarding the changes in urban–climate interactions in the future climate (2071–2100)
against the current climate (1981–2010), a noticeable weakening of Urban Heat Island
(UHI) intensity during daytime and nighttime is found for urban grids, particularly for the
RCP8.5 scenario. Interestingly, a stronger weakening of Urban Heat Island (UHI) intensity
is well collocated with the regions exhibiting higher values of evaporative fraction, which is
affected by urban-induced precipitation increases. In future precipitation changes as shown
in Figures 7a and 8a, coastal areas in GEM_TEB are expected to experience precipitation in-
creases for the future climate compared to the current climate, which leads to increased soil
moisture in this area. Interestingly, even though it depends on the sub-coastal region and
RCP scenarios, the urban-induced precipitation increases to total precipitation increases for
coastal regions in the late 21st century contribute to about 20–40%. Oh and Sushama [2]
reported that Urban Heat Island (UHI) intensity for coastal urban regions can lead to
enhanced thermal (by convective available potential energy) and dynamic (by enhanced
sea breeze with lower sea level pressure) convective developments, leading to higher pre-
cipitation for this region. These contrasting precipitation responses between coastal and
inland regions are fundamentally linked to differences in regional moisture availability and
dynamic circulation mechanisms. In coastal regions, urban-induced warming amplifies the
land–sea thermal contrast, which strengthens the local pressure gradient and intensifies
sea-breeze circulations. This enhanced dynamic forcing, combined with the proximity to a
continuous marine moisture source, effectively promotes low-level moisture convergence
and triggers convective precipitation over urbanized coastal areas. Consequently, these
combined thermodynamic and dynamic effects drive the relatively larger urban-induced
precipitation increases (accounting for 20–40% of the total increases) observed in coastal
zones. Conversely, inland regions lack access to such a sustained external moisture source.
In these areas, urban-induced warming primarily elevates surface temperatures and the
vapor pressure deficit (VPD), which exacerbates boundary-layer drying and restricts mois-
ture availability. As a result, the enhanced sensible heating in inland environments does
not efficiently translate into increased convective precipitation, highlighting the critical role
of background moisture and circulation regimes in modulating urban–climate interactions.
It is, however, necessary to investigate the physical mechanisms driving the higher values
of evaporative fraction in urban grid cells across the Great Lakes and inland regions in
the future climate scenarios, despite the negligible differences between future and current
precipitation projected by GEM_TEB minus GEM experiments. One possibility is that urban
surfaces possess limited water retention capacity and low water-use efficiency [8,24,25]. In
the TEB parameterization, urban surfaces are characterized by high imperviousness and
minimal subsurface water storage. Consequently, intercepted precipitation is primarily
retained in shallow surface reservoirs, such as roofs and pavements [24,25]. Under the
significantly elevated temperatures and increased vapor pressure deficits projected in the
RCP8.5 scenario, the atmospheric demand for moisture intensifies. As a result, water re-
tained in these shallow urban depressions evaporates relatively quickly following localized
precipitation events. This efficient removal of intercepted water via enhanced latent heat
flux contributes to the overall summer mean increase in the urban evaporative fraction, con-
trasting with the more regulated, deeper soil–moisture-dependent transpiration processes
over natural vegetative surfaces in the GEM experiment. Future research incorporating
a multi-model ensemble and dynamic urban expansion scenarios would be beneficial to
further quantify the uncertainties associated with GCM biases and land-use transitions.

We additionally analyze the correlation matrix for the relationships between changes
in each surface variable based on the RCP8.5 scenario (Figure 9). In general, the changes
in urban-induced daily maximum temperature warming show strongly negative correla-
tions with changes in urban-induced evaporative fraction depending on the climatological
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regions. This suggests that the higher evaporative fraction (EF) in urban grid cells in the
future climate is a key driver in weakening urban-induced daily maximum temperature
warming. This phenomenon is particularly evident in coastal regions where urban-induced
precipitation increases (contributing 20–40% to the total increase) enhance surface moisture
availability. While a formal moisture budget decomposition—distinguishing local evapora-
tion from moisture advection and separating convective from large-scale precipitation—is
not explicitly performed, the spatial and thermodynamic patterns strongly suggest that the
precipitation enhancement is primarily driven by local convective processes. Specifically,
the localized increase in precipitation along coastal urban regions spatially coincides with
an enhanced evaporative fraction and a concurrent reduction in sensible heat fluxes. This
spatial coherence aligns with established physical mechanisms wherein urban-induced
warming amplifies the land–sea thermal gradient, thereby intensifying sea-breeze circu-
lations and promoting low-level moisture convergence over the aerodynamically rough
urban canopy [40]. Consequently, the observed relationships in this study represent more
than mere statistical correlations; they delineate a coherent thermodynamic and dynamical
framework. Within this framework, enhanced coastal precipitation supplies the requisite
surface moisture to sustain higher evaporative fractions, which in turn drives the projected
UHI weakening. Future diagnostic studies incorporating full moisture budget assessments
will be highly valuable to quantitatively partition these specific causal pathways. Fur-
thermore, in a warmer climate, the immediate evaporation of limited captured water on
impervious surfaces may also contribute to this transient cooling effect compared to the
current climate. This phenomenon is more pronounced in the Great Lakes and inland
regions than in coastal areas. Interestingly, inland regions show a higher positive corre-
lation between urban-induced daily maximum temperature and downward longwave
radiation than other sub-regions, which means that the inland regions are more susceptible
to localized thermal trapping within urban canyons. Unlike coastal regions where sea
breezes provide a ventilating effect, the relative stagnation of air in inland cities intensifies
the sensitivity of surface temperature to downward longwave radiation emitted from urban
facets. On the other hand, changes in urban-induced daily minimum temperature show
highly positive correlations with changes in urban-induced daily maximum temperature
compared to the other surface variables. The robust positive correlation between TMAX
and TMIN changes (Figure 9) further confirms that the daytime evaporative cooling effect
directly moderates the subsequent nighttime warming. In addition, unlike other sub-
regions, positive relations between urban-induced surface wind speed and other surface
variables are larger for coastal regions compared to the other sub-regions, which indicates
strong dynamic feedback where urban-induced warming enhances the thermal gradient
between land and sea, potentially intensifying sea breeze circulation. Specifically, the pro-
jected future warming over coastal urban areas strengthens the land–sea thermal contrast,
which accelerates the sea breeze and leads to enhanced moisture convergence, further
contributing to the localized precipitation increases observed in GEM_TEB. This intensified
circulation subsequently influences urban–climate interactions by modifying moisture
transport and convective development, as evidenced by the high positive correlations
between wind speed and other surface variables unique to the coastal region. Although
explicit quantification of high-frequency sea-breeze metrics—such as diurnal intensity and
occurrence frequency—is not performed, a convergence of multiple lines of diagnostic
evidence strongly supports the intensification of sea-breeze-like circulations under future
warming. Specifically, the amplified land–sea thermal contrast, the spatial localization of
precipitation increases predominantly along coastal regions, and their robust thermody-
namic associations with surface wind speed anomalies (Figure 9) collectively indicate a
strengthening of onshore flow and low-level moisture convergence. Therefore, rather than
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relying solely on direct circulation metrics, these coherent thermodynamic and dynamic
diagnostics provide a physically robust framework demonstrating the amplification of
coastal local circulations by urban-induced warming. Future investigations incorporating
high-resolution diurnal wind profiling will be highly valuable to explicitly quantify these
regional circulation changes.

Figure 9. Correlation matrix of differences between projected changes for each variable derived
from the difference between the two experiments (GEM_TEB minus GEM) for the future climate
(2071–2100) based on the RCP8.5 scenario and compared to the current climate (1981–2010). The
full matrix is presented to illustrate the continuous range of inter-variable relationships; correlation
coefficients (R) approaching zero inherently signify a lack of statistical significance and a weak
physical connection. The EF, DLW, PR, TMAX, TMIN, and WIND indicate the evaporation fraction,
surface download longwave radiation, precipitation, daily maximum and minimum 2 m temperatures,
and 10 m surface wind speed, respectively.

4. Summary and Conclusions
This study assesses projected changes to summertime urban–climate interactions

over eastern North America using regional climate simulations at a 0.22◦ resolution for
the 1981–2100 period under the RCP4.5 and RCP8.5 scenarios. To isolate urban impacts,
two distinct experimental configurations were utilized: GEM_TEB, which incorporates the
Town Energy Balance (TEB) scheme, and GEM, which does not. To account for the influence
of boundary forcing quality on model performance, results were compared against prior
simulations driven by the ERA-Interim reanalysis. Furthermore, the study investigates the
role of geographic location by analyzing three climatologically distinct sub-regions: coastal,
Great Lakes, and inland regions.

For the current climate period (1981–2010), the GEM_TEB experiments reasonably
reproduce the observed spatial distributions of summer mean 2 m surface temperature and
precipitation. While the baseline simulations driven by CanESM2 exhibit systematic warm
(3.05 ◦C) and dry (1.19 mm/day) biases inherited from the parent global model, this study
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mitigates the impact of these absolute biases by employing a paired-difference framework
(GEM_TEB minus GEM). Because both experiments share identical boundary conditions,
this methodological approach inherently suppresses the influence of shared large-scale cir-
culation errors, thereby allowing for a rigorous isolation of the urban-induced signals [2,13].
Previous regional climate modeling studies confirm that simulated land-surface and urban
signals remain largely preserved under such paired configurations, even in the presence of
systematic mean-state biases [41–43]. Consequently, the projected relative changes provide
a scientifically credible basis for evaluating future urban–climate interactions. Through this
approach, the GEM_TEB framework demonstrates significant added value via dynamic
downscaling. Specifically, GEM_TEB isolates localized urban signals, simulating urban
temperatures 0.5–0.7 ◦C higher and precipitation 0.2–0.4 mm/day lower than the GEM
experiment. These refined simulations, primarily driven by urban-induced modifications
to the surface energy balance, contribute to overall model improvement when validated
against observations.

In the future climate (2011–2100), the Urban Heat Island (UHI) intensity for summer
mean 2 m surface temperature is projected to weaken steadily by approximately 0.10 ◦C by
the end of the 21st century. This trend is most prominent under the RCP8.5 scenario and is
largely attributed to a significant weakening of the nighttime UHI by approximately 0.15 ◦C.
An analysis of daily maximum temperatures under RCP8.5 reveals a noticeable UHI weak-
ening of 0.09 ◦C by 2030; however, the subsequent period is characterized by inter-decadal
variability without a clear weakening trend, a phenomenon likely linked to variations in
urban-induced precipitation. These findings align with previous research suggesting a
future weakening of UHI intensity, though this study identifies more pronounced weaken-
ing trends in daily minimum temperatures than in maximum temperatures, especially in
coastal regions. Correlation matrix analysis further elucidates the physical mechanisms,
showing that the weakening of daytime UHI intensity is negatively correlated with higher
values of the urban-induced evaporative fraction. This increase in evaporative cooling is
partly explained by urban-induced precipitation rises, particularly in coastal urban regions.
Moreover, the mitigation of daytime warming is found to be largely responsible for the
subsequent weakening of daily minimum temperature warming. The study also highlights
that future regional climate in coastal urban areas will be more significantly impacted by
changes in surface wind speed compared to other sub-regions. Consequently, this research
demonstrates that the evolution of urban–climate interactions in a warming climate is
highly dependent on regional climatological characteristics, providing a critical foundation
for future investigations into urban impacts on short-duration precipitation extremes.

While the reliance on a single driving GCM (CanESM2) inherently limits the quantifi-
cation of structural uncertainty, it is crucial to distinguish between the robustness of the
underlying physical mechanisms and the certainty of their exact projected magnitudes.
Although the precise quantitative magnitude of future urban impacts may exhibit sensitiv-
ity to the choice of the parent global model, the relative urban-induced thermodynamic
responses and the identified feedback mechanisms remain highly robust. This physical
robustness is fundamentally ensured by the paired experimental design (GEM_TEB ver-
sus GEM), which isolates the parameterized urban signal under consistent large-scale
boundary conditions. Furthermore, the spatial coherence of these urban signals with
those derived from independent ERA-Interim-driven simulations [2] confirms that the
mechanistic pathways are not merely artifacts of the specific CanESM2 forcing. Conse-
quently, the findings presented herein establish a critical, process-oriented baseline for
understanding urban–climate interactions over eastern North America. Future research
incorporating multi-model ensembles will be essential to comprehensively quantify the
structural uncertainties associated with the exact magnitudes of these projected changes.
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In addition to the large-scale forcing constraints, this study employs static urban
parameters—such as urban fractions, building heights, and canyon aspect ratios—throughout
the 1981–2100 simulation period. This experimental design is intentionally adopted to iso-
late the thermodynamic sensitivity of the existing urban fabric to greenhouse gas-induced
warming. While urban morphologies inherently evolve over multi-decadal timescales,
incorporating future urban expansion and morphological changes introduces substantial
confounding uncertainties, as reliable long-term projections of land-use transitions remain
highly scenario-dependent [26,44,45]. Consequently, utilizing a static urban representation
provides a rigorously controlled experimental framework for assessing climate-driven
urban responses, consistent with established regional climate modeling practices. It is rec-
ognized that future urban expansion and densification could enhance sensible heat fluxes,
potentially offsetting a portion of the projected 0.10 ◦C summer mean UHI weakening.
However, robustly quantifying this dynamic morphological effect requires speculative
assumptions regarding future urban development pathways, which fall beyond the scope
of this study. Therefore, the results presented herein establish a critical baseline thermo-
dynamic response under a fixed urban morphology, serving as an essential reference for
future coupled climate–urbanization assessments.

Importantly, the projected attenuation of daytime UHI intensity does not necessarily
imply a reduction in overall urban heat hazards. The findings suggest that this relative day-
time cooling is coupled with an enhanced evaporative fraction, which inherently increases
2 m surface atmospheric moisture. Because elevated humidity can exacerbate physiolog-
ical heat stress, evaluating future urban thermal environments solely based on dry-bulb
temperature metrics may not fully capture the actual human health risks. Therefore, to
comprehensively assess the compounded risks of concurrent heat and humidity extremes
in a warming climate, future investigations would benefit from incorporating integrated
thermal comfort indices, such as the Wet-Bulb Globe Temperature (WBGT) (e.g., [26,44]).
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