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Abstract Urban overheating presents significant challenges to public health and energy sustainability.
Conventional radiative cooling strategies, such as cool roofs with high albedo, lead to undesired winter cooling
and increased space heating demand for cities with cold winters, a phenomenon known as heating energy
penalty. A novel roof coating with high albedo and temperature-adaptive emissivity (TAE)—low emissivity
during cold conditions and high emissivity during hot conditions—has the potential to mitigate winter heating
energy penalty. In this study, we implement this roof coating in a global climate model to evaluate its impact on
air temperature and building energy demand for space heating and cooling in global cities. Adopting roofs with
TAE increases global urban air temperature by up to +0.54°C in the winter (99th percentile; mean change
+0.16°C) but has negligible effects on summer urban air temperature (mean change +0.05°C). Combining TAE
with high albedo effectively provides summer cooling and does not increase building energy demand in the
winter, particularly for mid-latitude cities. Sensitivities of air temperature to changes in emissivity and albedo
are associated with local “apparent” net longwave radiation and incoming solar radiation, respectively. We
propose a simple parameterization of air temperature responses to emissivity and albedo to facilitate the
development of city-specific radiative mitigation strategies. This study emphasizes the necessity of developing
mitigation approaches specific to local cloudiness.

Plain Language Summary Traditional cool roofs with high albedo generate cooling all year around,
leading to increased energy demand for heating during cold winter. To address this issue, we evaluate a new roof
material with high albedo and temperature-adaptive emissivity (TAE) that adjusts its emissivity to provide
cooling under hot conditions and heating under cold conditions. Using a global climate model, we find that cities
in temperate and arid climates benefit the most from roofs with TAE and high albedo as they provide cooling in
summer and warming in winter, thus reducing annual energy usage. Our research calls for tailoring urban
climate adaptation strategies to local climate conditions.

1. Introduction

The combination of global warming and urban heat islands threatens public health and society's well-being. Urban
overheating causes a range of problems, including labor productivity reduction, economic loss, and health bur-
dens (Wang et al., 2023; Zander et al., 2015; Zhao et al., 2021). Meanwhile, addressing climate change and
achieving Paris Climate Goals require an effort to improve building energy efficiency, as one-sixth of global
energy consumption is attributed to space heating and cooling (Cabeza et al., 2022; IEA, 2019). The energy for
cooling is projected to increase by 12 times from 2000 to 2050 due to unmitigated climate change and income
increase (Isaac & Vuuren, 2009).

The deterioration of the thermal environment and the increase in energy consumption call for solutions that
provide all-year around thermal regulation and energy saving. However, current mitigation efforts are inadequate.
Passive radiative cooling (PRC) surfaces with high albedo and high emissivity, such as cool roof and reflective
pavement, can reduce ambient temperatures by up to 0.61°C per 0.1 increase of albedo (Santamouris, 2014; Sinsel
et al., 2021). Other novel materials, such as retroreflective (X. Huang et al., 2024) and fluorescent materials
(Santamouris & Yun, 2020) can also provide cooling and reduce summer cooling load. However, having static
radiative properties, these materials also generate undesired winter cooling and may increase space heating during
cold seasons, a phenomenon known as heating energy penalty (Khan et al., 2021; K. W. Oleson, Bonan, &
Feddema, 2010; Oleson, Bonan, Feddema, Vertenstein, & Kluzek, 2010; Synnefa et al., 2007; Tan et al., 2023).
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An experimental study in Shanghai, China with hot summer and cold winter shows that reflective building coating
reduces annual building cooling electricity demand by 116 kWh, while increases the heating demand by 327 kWh
(Shen et al., 2011). Consequently, annual building energy consumption may be increased by PRC surfaces (Feng
et al., 2022; K. W. Oleson, Bonan, & Feddema, 2010; Oleson, Bonan, Feddema, Vertenstein, & Kluzek, 2010;
Shen et al., 2011), particularly in cities with pronounced diurnal and seasonal climate variations. Previous studies
on PRC surfaces have primarily focused on their impact on summer temperature and cooling loads but have not
evaluated their effects on climate and energy consumptions in an all-year perspective.

Recent advancements in materials science introduce a temperature-adaptive radiative coating as a potential so-
lution (Tang et al., 2021). This coating has a fixed high albedo of 0.75, but exhibits temperature-adaptive
emissivity (TAE), switching from a low emissivity under cold conditions to a high emissivity under hot condi-
tions. The dynamic roof emissivity mitigates the extreme high or low roof temperature by altering the net
longwave radiation flux. As a novel, engineering material, the real-world benefits of this TAE coating are yet to be
investigated.

A numerical simulation has demonstrated the superiority of TAE roofs with high albedo over traditional roofs in
terms of annual energy saving for US cities (Tang et al., 2021). However, this evaluation was based on a simplistic
adiabatic approximation assuming thermal equilibrium on a surface, a negligible heat exchange between urban
structures, and a simplified longwave radiation process. To understand the real-world benefits, it is essential to
couple this novel roof with an urban canyon structure and express the longwave radiation balance explicitly in a
real atmosphere. As surface emissivity increases, it simultaneously enhances longwave radiation emission and
absorption of the downwelling longwave radiation. The degree to which these two offset each other remains
unknown. Moreover, the simulations of Tang et al. (2021) are limited to US cities. The effectiveness of TAE roofs
in other climates remains unclear.

This study aims to (a) investigate the impact of TAE roofs on surface climate and building energy demand and (b)
evaluate the performance of roofs with TAE and relatively high albedo (0.75) for global cities. The Community
Terrestrial Systems Model Version 5.2 (CTSMS5.2) with a recently improved building energy model (BEM) is
used (Li et al., 2024; K. W. Oleson & Feddema, 2020). Section 2 introduces the temperature-adaptive radiative
coating, the global climate model, and the experiment design. Three sets of experiments are conducted to isolate
the impacts of TAE, increased albedo, as well as high albedo-TAE combination, on air temperature and on
building energy demand for space heating and cooling. Results are presented in Section 3, focusing on the impact
of TAE roofs on energy balance and how local climate shapes the air temperature response to emissivity. Sec-
tion 4 discusses climate-specific radiative roof choices, potential climate impact of adjusting TAE roof properties,
and limitations. Finally, Section 5 provides the conclusions. This study offers insights into roof material choice
with both health and sustainability benefits for global cities.

2. Materials and Methods
2.1. Temperature-Adaptive Radiative Coating

The temperature-adaptive radiative coating was designed to mitigate the overcooling issue of conventional PRC
coats with constant albedo and emissivity (Tang et al., 2021). This coating is developed based on metal-insulator
transition of the W, V,_ O, alloy, which is synthesized by doping Vanadium Dioxide (VO,) with tungsten (W).
The W fraction (x) was set to be 1.5% so that this material undergoes the metal-insulator transition at a transition
temperature of 22°C. A multilayer structure design enables the coating to transition from a low sky-window (or
thermal atmospheric window, wavelength from 8 to 13 pm) emissivity of 0.2 for warming at low temperatures, to
a high sky-window emissivity of 0.9 for cooling at high temperatures. The gradual phase change occurs between
two temperature thresholds: a low temperature threshold (7)) below which the emissivity is 0.2, and a high
temperature threshold (7,) above which the emissivity is 0.9. The T, and T, are estimated to be 19°C and 27°C
according to measurement from Tang et al. (2021), and the albedo of this material is 0.75, a value optimized for
all-season energy saving in major US cities.

We implemented the TAE roofs in the global urban areas in the CTSM, an updated version of the land model of
the Community Earth System Model (CESM, Danabasoglu et al., 2020; Lawrence et al., 2019). Since the default
roof emissivity in CTSM is already quite high—it is at 0.92 for most regions, the TAE roof emissivity in the high-
emissivity state is increased to 0.98 from 0.90 to avoid undesired warming in hot weathers. In addition, CTSM
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uses broadband longwave emissivity instead of sky-window emissivity. With these two modifications, in our
model runs, the broadband roof emissivity (¢,) is set at 0.2 or 0.98 when the roof temperature (T ) is lower than
19°C or higher than 27°C, respectively, in all cities. When the T ;¢ is between 19 and 27°C, ¢, is calculated with
a linear interpolation (Figure S1 in Supporting Information S1)

£, =0.0975 Ty soor — 1.6525 (1)

We modified CTSM to update roof emissivity based on roof temperature at every time step (30 min).

2.2. Model Experiments

In CTSM, each grid cell contains up to five land units (lake, glacier, urban, crop, and natural vegetation). Urban
areas in CTSM are modeled using the concept of a street canyon, consisting of a roof, sunlit and shaded walls, and
pervious and impervious floors. The non-urban near-surface air temperature is interpolated from surface and
atmospheric temperatures based on the Monin-Obukhov similarity theory. In urban canyons, the near surface air
temperature is determined by solving a series of equations describing the heat exchange between the urban
surfaces, the bulk urban canyon air mass, and the atmosphere above (D. Lawrence et al., 2018; K. W. Oleson,
Bonan, & Feddema, 2010; Oleson, Bonan, Feddema, Vertenstein, & Kluzek, 2010). CTSM considers 33 unique
urban regions, which are grouped according to similar urban properties. Our simulations use a constant urban land
cover from Gao and O’Neill (2020) fixed at year 2010. A present-day (circa-2000) urban property data set from
Jackson et al. (2010) is adopted to prescribe the default morphology, radiative, and thermal properties of each
urban region. The default roof emissivity (g4) is about 0.92 for most regions, with exceptions in some urban
clusters in Central Asia and Southern South America. These regions have biased-low emissivity (<0.2) and thus
are excluded from our analysis to avoid exaggerating summer cooling and underestimating winter warming effect
of the TAE roofs. The default roof albedo (a4) ranges from 0.1 to 0.3 (K. W. Oleson & Feddema, 2020). The BEM
of CTSM explicitly simulates interior temperatures by accounting for ventilation, heat conduction through
building walls and roofs, sensible heat and longwave radiation exchange between interior surfaces and indoor air.
The anthropogenic heat flux is parameterized by a physics-based method using an idealized space heating and air
conditioning submodel (K. W. Oleson & Feddema, 2020). This submodel accounts for energy required to
maintain indoor temperature within a preset range and waste heat due to equipment inefficiency and energy lost in
the conversion of primary energy sources to end use energy. A previous version of CTSM, Community Land
Model (CLM) Version 5, models Air Conditioning (AC) adoption implicitly by combining the building ther-
mostat setpoint and AC adoption rate as a proxy for maximum interior building setpoints (K. W. Oleson &
Feddema, 2020). For many non-US countries, the proxy maximum interior building setpoints are too high,
causing an underestimation of the AC adoption rate and the AC energy flux. CTSM Version 5.2 has adopted a new
explicit AC scheme that sets building thermostat setpoint explicitly and uses an updated AC adoption rate data set
derived from field surveys and the published literature (Li et al., 2024). This scheme improves the modeled AC
energy flux in both its magnitude and spatial distribution.

CLM has been widely used to simulate the climate impact of white roofs (K. W. Oleson, Bonan, & Fed-
dema, 2010; Oleson, Bonan, Feddema, Vertenstein, & Kluzek, 2010; L. Wang et al., 2020; J. Zhang et al., 2016).
The urban model of CLM has also been validated extensively against flux tower, site observations, and satellite
data (Lipson et al., 2023; K. W. Oleson & Feddema, 2020; K. Zhang et al., 2023; L. Zhao et al., 2014).

The surface energy balance calculation of CTSM accounts for the effects of snow on roofs and roads
(D. Lawrence et al., 2018). The fraction of snow cover (f;) is modeled by calculating the snow accumulation and
depletion with a parameterization from Bonan (1996). Roofs and roads can be covered by snowpack in the winter.
The emissivity of a snow-covered surface is a weighted combination of the surface emissivity and the snow
emissivity (0.97). The urban-scale emissivity change (Ae) caused by TAE roofs is calculated as:

Ae = (sr - sd) X (1 _fs:,r) xfr (2)
where &4 and f; are the default roof emissivity and the roof fraction of the urban land tile and f; , is the fraction of

roof covered by snow. Changes in urban emissivity influence surface climate by perturbing the net longwave
radiation (L,):
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Table 1
Summary of Experiment Design

Case Roof emissivity Roof albedo

Current climate (2010-2012)
DEF2010 Default Default
TAE2010 Temperature-adaptive emissivity (0.2—-0.98) Default
TAE&high albedo2010 Temperature-adaptive emissivity (0.2—-0.98) 0.75
Future climate (2097-2099)
DEF2097 Default Default
TAE2097 Temperature-adaptive emissivity (0.2—-0.98) Default
TAE&high albedo2097 Temperature-adaptive emissivity (0.2—-0.98) 0.75

L,=¢L — eaT‘: 3)

where the L| is downward longwave radiation, T is the urban surface temperature, and ¢ is the Stefan-Boltzmann
constant.

Similarly, the urban albedo change (Aa) induced by high albedo roofs is computed as the difference between its
fixed high albedo (0.75) and default roof albedo (ay), scaled by 1 — f; , and f,, as:

Aa = (0.75 - ag) X (1 = £) X )

Here, &4, a4, and f; are known properties from the prescribed surface data, and ¢, and f; ; are modeled by CTSM.
Equations 2 and 4 imply the approximation that changing roof material does not influence snow fraction. When
roofs are fully covered by snow, the emissivity or albedo of roof material has no effect on the urban microclimate.

As summarized in Table 1, we conducted three experiments using CTSM at a 0.9° latitude X 1.25° longitude grid
resolution under the current climate (2010-2012), one with default roof material of CTSM (DEF2010), one with
TAE roofs and CTSM default albedo (TAE2010), and the third with TAE roofs and constant high roof albedo of
0.75 (TAE&high albedo2010). These experiments are land-only simulations, driven by the same atmospheric
forcing from the Global Soil Wetness Project (GSWP3) data set from 2010 to 2012 (D. M. Lawrence et al., 2019).
The factorial experiment design allows us to isolate the impacts of temperature-adaptive emissivity (TAE2010
minus DEF2010), increased albedo (TAE&high albedo2010 minus TAE2010), as well as the combination of TAE
and high albedo (TAE&high albedo2010 minus DEF2010). The control simulation with default roof materials
was run for 25 years driven by looping over GSWP3 data from 2008 to 2012 as a spin-up to provide the land initial
condition for the three experiments.

To assess the effectiveness of these roof materials under climate change, we repeated the three experiments for
future climate (2097-2099) under the SSP5-RCPS85 scenario, named as DEF2097, TAE2097, and TAE&high
albedo2097 (Table 1). The atmospheric forcing was provided by atmospheric output of a fully-coupled CMIP6
simulation conducted by CESM2. The land initial condition was spun up by running the simulation with default
roof material driven by looping over atmospheric forcing from 2095 to 2099 for 25 years.

In the following, summer (June—August in the Northern Hemisphere and December—February in the Southern
Hemisphere), winter (December—February in the Northern Hemisphere and June—August in the Southern
Hemisphere), and annual results are presented. The current climate results are analyzed unless stated otherwise.

3. Results
3.1. Air Temperature Responses to Roofs With TAE and High Albedo

Roofs with TAE have minimal impact on summer urban temperature but produce a notable warming in the winter
for most cities (Figures 1c and 1d). During the summer under the current climate, the change in urban temperature
(AT,) induced by TAE roofs is a small positive value north of 25°N and south of 25°S (latitudinal mean <0.1°C)
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Figure 1. Maps showing changes in urban emissivity (a, b) and urban air temperature (c, d) caused by temperature-adaptive emissivity (TAE) roof, and changes in urban
air temperature caused by TAE and high albedo roofs (e, f) under the current climate conditions. Also shown are zonal mean variations.

and is negligible in tropical regions (Figure 1c). In the tropics, the emissivity of TAE roofs is always high (0.7—
0.9) due to the high ambient temperature. This emissivity is close to the CTSM default (0.92); the urban emissivity
change is too small to cause discernible temperature effects (Figure 1a). The extratropical cities may experience
cool nights in the summer, with a mean nighttime T ¢ of about 20°C. In response, TAE roofs switch their
emissivity to lower values than the CTSM default. The result is a mild summer warming for mid- and high-
latitude cities (mean change 4+0.07°C north of 25°N; Figure 1c). However, it is worth noting that TAE roofs
change summer daily maximum temperature little for most cities (mean change —0.01°C; Figure S2a in Sup-
porting Information S1).

During winter, the influence of TAE roofs on emissivity and air temperature near the equator remains minimal
because of the prevailing hot climate (Figures 1b and 1d). The zonal mean AT, shows two peaks of +0.25 and
+0.35°C around 30°N and 30°S, respectively. At these latitudes, TAE roofs cause the zonal mean urban emis-
sivity to be 0.2 to 0.3 lower than the CTSM default. Reduced urban emissivity increases urban net longwave
radiation flux, which further enhances sensible heat flux and leads to near surface warming (Figures 2 and S4 in
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Figure 2. Scatter plots between changes in urban emissivity and urban net longwave radiation (W m™?) induced by
temperature-adaptive emissivity (TAE) roofs under the current climate conditions. Each data point represents one urban grid
and is colored by TAE effect on air temperature.

Supporting Information S1). Interestingly, for high latitude cities (north of 50°N) experiencing an even colder
climate, although TAE roofs have very low emissivity of 0.2, the warming is much weaker (latitudinal mean <
+0.07°C) than at mid latitudes. There are two reasons. First, because of snow cover on roofs, the urban emissivity
reduction is small (latitudinal mean < +0.15; Figures 1b and S3b in Supporting Information S1). Second, the
winter air temperature is not sensitive to emissivity change in these cities at high latitudes due to high cloud cover
(Sudmanns et al., 2020). Overall, TAE roofs offer significant winter warming for most cities, increasing daily air
temperature by a mean value of +0.16°C and by up to +0.54°C (99th percentile) across global cities.

A drawback of TAE roofs is that they cannot provide summer cooling, which is essential to mitigate dangerous
heat risk. High albedo achieves significant cooling, but winter cooling is undesirable. These drawbacks can be
overcome by roofs with both TAE and high albedo: summer cooling is retained, and winter heating penalty is
avoided or reduced.

In the summer, the cooling effect of high albedo is more than enough to offset the slight warming effect of TAE
(Figures le and S5c in Supporting Information S1), with evident overall temperature reduction (0.3 to 0.5°C) in
tropical and mid-latitude regions and weak cooling in latitudes above 45°N.

In the winter, the albedo cooling continues to dominate in low latitudes (Figures 1f and S5d in Supporting In-
formation S1). In mid-latitude regions, albedo cooling and TAE warming exhibit similar magnitudes (ranging
from 0.1 to 0.5°C) but opposite signs, resulting in a near-zero combined effect. At these latitudes, the undesired
winter cooling caused by albedo is offset by TAE. For cities north of 50° N, the temperature change is still near
zero due to the high snow cover fraction and weak air temperature sensitivities to TAE and albedo.

Regionally, TAE alone changes summer air temperature slightly by —0.01 to +0.12°C, while TAE combined with
high roof albedo leads to significant summer cooling of 0.20 to 0.78°C (Figure 3a). The most pronounced cooling
is observed in two arid regions, Central Asia and Middle East (—0.68 and —0.78°C). During the winter, the albedo
cooling is stronger than the TAE warming in tropical regions, such as Central America, the Amazon Basin, North
Africa, and Southeast Asia, resulting in an overall temperature change of —0.29 to —0.47°C (Figure 3b). These hot
regions require cooling throughout the year and benefit the most from high albedo effect alone (winter AT,: —0.33
to —0.59°C). For other regions, the combined effect represents a close balance between TAE warming and albedo
cooling. The TAE warming fully offsets the albedo cooling in Central Asia, the Mediterranean Coast, East Asia,
Australia, the Southern North America, Europe and Northern North America, resulting in a near-zero combined
effect.

From a thermal comfort perspective, hot and cold extremes are determined by daily maximum temperature in the
summer and daily minimum temperature in the winter, respectively. The summer daily maximum temperature is
unaffected by TAE but is reduced greatly by albedo (—0.56 to —1.68°C; Figure S2a in Supporting Informa-
tion S1). Conversely, the winter daily minimum temperature is affected little by albedo but is significantly
increased by TAE (4+0.01 to +0.45°C; Figure S2b in Supporting Information S1). This seasonal asymmetry
indicates that TAE and high albedo roofs together can reduce both hot and cold extremes for most regions.
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Figure 3. Regional changes in urban air temperature (°C) in the summer (a) and in the winter (b) under the current climate.
Region definitions and geographic boundaries are given in Figure S3 in Supporting Information S1.

The TAE roof emissivity and roof surface temperature influence each other in a two-way interaction, and this
TAE-T; ;¢ feedback acts to stabilize the roof temperatures. For instance, at low temperatures, the roof emissivity
decreases to provide warming, and the increased roof temperature induced by TAE effect may in turn increase
roof emissivity and weaken the initial warming, forming negative feedback to stabilize roof temperatures. But this
feedback loop plays a minor role in diurnal variations of urban air temperature (Text S1 in Supporting

Information S1).

In the future, TAE roofs generally lead to less warming than in the current climate (Figure S7b in Supporting
Information S1). The summer temperature response to TAE becomes close to zero in most cities as future
summers are warmer everywhere. In the winter, the roof emissivity change becomes less negative than in the
current climate, leading to less TAE warming for most latitudes (Figures S7a and S7b in Supporting Informa-
tion S1). As for the albedo effect, the summer cooling remains largely unchanged, while winter cooling is reduced
by 0.05 to 0.3°C near 20°N and 20°S in comparison to the current climate (Figure S7c in Supporting Informa-
tion S1). The combined effect of TAE and high albedo changes little in the future (Figure S7d in Supporting
Information S1).

3.2. Climate Sensitivity to Emissivity and Albedo

Here, the climate sensitivity is defined as the urban air temperature response to a unit change of urban emissivity
(AT,/A¢) or albedo (AT,/Aa). We hypothesize that TAE roofs are more effective in drier regions with less cloud
cover and lower humidity. Taking the current climate results as an example, the geographical distribution of AT,/
Aeg supports this hypothesis, showing a more negative AT,/A¢ in drier cities (Figures 4a, 4c, and 4e). During the
summer, the most negative AT,/Ae (—1.2 to —1.6°C) is observed in the Western US, the Mediterranean Coast,
and Middle East, regions characterized by low humidity and low cloudiness. Conversely, in tropical cities with
high cloud cover, AT,/Ae¢ is close to zero. In the winter, many regions between 30° N and 30° S, including South
Asia, Middle East, North Africa, South Africa, experience a dry season with low cloud cover (Sudmanns
et al., 2020), and therefore negative AT,/Ae (—1 to —2°C). In contrast, near-zero AT,/Ae is observed in Southeast
Asia and in latitudes higher than 45° N in the winter.
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Figure 4. Maps showing urban air temperature sensitivity to urban emissivity (a, c, e) under the current climate, and spatial
correlation between this sensitivity and apparent net longwave radiation (b, d, f) under the current (black) and future (red)
climates. Data in the right panels are grouped into bins with median (line), 25%—75% range (box), and 2%-98% range
(whiskers), and each data point stands for one urban grid. Also shown are linear regression statistics.

As shown in Figure 2 and Equation 3, Ae influences air temperature via perturbing the net longwave radiation
flux. Spatially, a more negative AT,/Ae is associated with a more negative “apparent” net longwave radiation (L;;
Figures 4a and 4c and S8c, S8d in Supporting Information S1). Here L is a hypothetical net longwave radiation
flux assuming the surface is a black body, which is a concept similar to the apparent net radiation flux proposed in
X. Lee (2018). It was calculated as net longwave radiation flux normalized by surface emissivity, expressed as
L —oc T? We note that L} is a pure climatic variable independent of surface emissivity. A positive linear
relationship exists between L; and AT,/Ae¢, and this relationship is nearly identical between the current and the
future climates (Figures 4b, 4d, and 4f). For the same increase in emissivity, a more negative L; means that the
emissivity change produces more cooling. Drier regions with low cloud cover and low air humidity tend to have
more negative L since the downward longwave radiation is reduced, but the upward longwave radiation is
enhanced due to high surface temperature.

The temperature sensitivity to albedo (AT,/Aa) displays similar spatial patterns to AT,/Ae but with larger
magnitudes (Figures 4 and 5). An increase in urban albedo leads to more cooling than the same amount of increase
in emissivity. Consistent with previous studies (Oleson, Bonan, & Feddema, 2010; Oleson, Bonan, Feddema,
Vertenstein, & Kluzek, 2010; Wang et al., 2020), AT,/Aa is negatively correlated with K| since albedo change
affects shortwave radiation balance (Figures 5 and S8a, S8b in Supporting Information S1). This correlation is
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Figure 5. Maps showing urban air temperature sensitivity to urban albedo changes (a, ¢, e) under the current climate, and
spatial correlation of this sensitivity with the incoming solar radiation (b, d, f) under the current (black) and future (red)
climates. Data in the right panels are grouped into bins with median (line), 25%—75% range (box), and 2%-98% range
(whiskers), and each data point stands for one urban grid.
also linear. While the summer relationship remains relatively stable between the current and the future climate,
the future winter AT,/Aa is less sensitive to K.
3.3. Predicting Air Temperature Responses to Emissivity and Albedo
The strong linear relationships between L} and AT,/Ae and between K| and AT,/Aa enable a parameterization for
predicting air temperature changes due to roof material choice. The AT, induced by TAE is predicted using local
apparent net longwave radiation and urban surface temperature (7 ,), both of which can be obtained for a specific
city via satellite or in-situ observations. Firstly, a linear regression is established for AT,/Ae and L;:

AT,/Ae =, XL + f, 5)
using the DEF2010 and TAE2010 simulations. The regression coefficients 3, and S, are established for the
summer, the winter and the full year (Table S1 in Supporting Information S1). Secondly, the urban emissivity
change Ae is calculated with Equation 2. The TAE roof emissivity ¢, is estimated from Equation 1 using hourly
T, as a proxy for roof surface temperature. The roof snow cover fraction is zero in the summer (Figure S3a in
Supportmg Information S1), and for the winter and the full year is fitted with a logit function (Figure S9 in
Supporting Information S1)
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where coefficients k and f; are determined with regression using the 3-year mean results from DEF2010 (Table
S1 in Supporting Information S1). Finally, the air temperature response to TAE is calculated by multiplying AT,/
Ae from Equation 5 with the estimate of city-scale Ae from Equation 2.

To demonstrate the predicting power of this parameterization, L;; (seasonal or annual mean) and hourly 7, from
DEF2097 are used to predict the air temperature response to TAE under the future scenario. We compare the
predicted air temperature changes with the simulated future TAE effect (TAE2097 minus DEF2097; Figures 6a—
6¢ and S10 in Supporting Information S1). The comparison shows good agreement, with high R? values (>0.77)
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and low root mean square error (RMSE) values of 0.01, 0.07, and 0.04°C for summer, winter, and annual results,
respectively. This simple parameterization can predict future AT, induced by TAE with good accuracy.

Similarly, we propose another parameterization to predict air temperature response to albedo change. The city-
scale change in albedo (Aa) is calculated from the difference between fixed high albedo (0.75) and default
roof ay, scaled by 1—f; and f, (Equation 4). A linear regression between AT,/Aa and K is developed on the basis
of current climate simulations as

AT,/Aa =B, X K| + fBs (M

Here the AT, is the air temperature difference between TAE&high albedo2010 and TAE2010. The regression
coefficients f, and f5 are given in Table S1 in Supporting Information S1 for summer, winter, and annual results.
The air temperature change induced by albedo increase is the product of AT,/Aa from Equation 7 and the estimate
of Aa from Equation 4. This parameterization result for the future climate shows very good agreement with the
modeled AT, (TAE&high albedo 2097 minus TAE2097), with R? > 0.85 and the RMSE smaller than 0.08°C
(Figures 6d—6f and S11 in Supporting Information S1). Although the future AT,/Aa versus K| differs slightly
from that for the current climate (Figure 5), these differences do not significantly compromise the predicting
power of this parametrization.

The combined effect of TAE and high albedo is calculated as the sum of the air temperature responses to TAE and
to high albedo (Figures 6g—61). The predicted AT, induced by TAE and high albedo shows good agreement with
the simulated air temperature changes (TAE&high albedo 2097 minus DEF2097), with R* > 0.85 and the RMSE
of 0.06 to 0.1°C.

The above parameterization scheme assumes that the urban surface temperature 7, is known. In situations where
data on T}, is not available, the grid mean air temperature can be used in its place, with similar performance. For
example, the R*> and RMSE for the annual AT, » due to TAE and high albedo remain the same if the grid mean
temperature is used as an input variable. This parameterization can estimate air temperature response to any
combinations of roof emissivity and albedo, allowing first-order evaluation of different roof materials.

3.4. Responses of Building Energy Demand for Space Heating and Cooling

High albedo roofs cause winter heating energy penalty. Here, we examine the primary building energy demand
for space heating and cooling per unit urban area (Q,, W m~2). Under current climate, albedo cooling decreases
summer Q. by 0 to 1.3 W m™2 except for Northern North America (Figure 7a and Table S2 in Supporting In-
formation S1; the summer Q, increase in Northern North America due to albedo effect is discussed in Text S2 in
Supporting Information S1.) In the winter, high albedo increases Q. by up to 1.0 W m™2, with a larger heating
energy penalty in mid-latitude regions, such as Central Asia, the Mediterranean Coast, East Asia, Australia, and
the Southern North America (Figure 7b and Table S2 in Supporting Information S1). These regions experience
relatively cold winters, and the local temperature is sensitive to albedo changes (Figure 5c). As an example, for
Los Angeles (34.1°N, 118.2°W), a densely populated mid-latitude city, high roof albedo increases the winter Q.
by 8% (1.3 W m™2). High albedo still reduces winter energy use in tropical regions, including Southeast Asia,
North Africa, and Amazon Basin, where cities experience warm temperatures all year around. In high-latitude
regions (e.g., North Asia) where winter air temperature is insensitive to albedo changes, the changes in energy
use are negligible.

Annually, the increased heating load due to high albedo exceeds the reduced cooling demand in temperate and
boreal regions (Figure 8a and Table S3 in Supporting Information S1), with total energy use (E) increases by 2.5%
and 1.7% (38.1 and 60.1 GW), respectively, after high albedo roofs are adopted (Figure 8 and Table S3 in
Supporting Information S1). Tropical cities benefit from albedo cooling, with E decreased by 20.8% (22.2 GW).
High albedo roofs reduce the building energy use of arid cities slightly by 0.7% (3.1 GW).

The winter heating energy penalty of high roof albedo is largely mitigated by TAE. In the summer, TAE roofs
have negligible influence on energy use due to the small air temperature response to TAE (Figures 1c and 7a). In
the winter, TAE roofs provide warming and thus decrease energy use for space heating, particularly in mid-
latitude regions with cold winters. The annual Q. reduction because of TAE roofs is evident in Central Asia,
the Mediterranean Coast, East Asia, Australia, the Southern North America, Europe, Northern North America,
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Figure 7. Regional changes in building energy demand per urban area (W m™2) under the current climate. Region definitions
and geographic boundaries are given in Figure S3 in Supporting Information S1.
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Figure 8. Changes in regional building energy demand (Q,) in total power (GW) and percent change (%) induced by
temperature-adaptive emissivity, high albedo, and their combined effects under the current and future climate. The climate
regions are divided by the Koppen-Geiger climate classification (Rubel & Kottek, 2010). The percentage changes are
calculated with respect to the total building energy demand of that region from DEF2010.
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and North Asia, ranging from 0.16 W m~2 (North Asia) to 0.36 W m™2 (Central Asia). When high albedo and
TAE are both adopted, annual Q, decreases or changes little (<+0.08 W m™2) in most regions except for Northern
North America (+0.27 W m™~%; Figure 7¢ and Table S2 in Supporting Information S1). In cold seasons, the TAE
warming offset albedo cooling, mitigating the winter heating energy penalty effectively. Overall, roofs with TAE
and high albedo change the annual E little in the boreal climate region, and decrease the annual E by 20.2%, 0.7%,
and 3.7% in tropical, temperate, and arid climate regions, respectively (Figures 8a and 8b and Table S3 in
Supporting Information S1). TAE contributes to urban energy sustainability by offsetting heating energy penalty
in the winter.

The impacts of TAE roofs on building energy demand are subject to change under global warming. The heating
energy penalty of albedo effect in temperate and boreal regions disappears or becomes smaller in a warmer
climate (Figure 8 and Table S3 in Supporting Information S1). High albedo reduces the future E by a greater
amount of 25.2 and 19.0 GW for tropical and arid regions, respectively than in current climate. The impact of TAE
on E generally becomes smaller in the future because of two reasons. First, the winter TAE warming is weaker in a
warmer background climate (Figure S7b in Supporting Information S1). Second, future building heating load is
also reduced. During 2097 to 2099, high albedo combined with TAE provides net energy saving for all climate
zones (Figure 8 and Table S3 in Supporting Information S1).

4. Discussion
4.1. Practical Implications on Climate-Specific Roof Material Choices

Our results provide guidance on roof material choices for cities across diverse background climates. Mid-latitude
cities in temperate and arid climates such as cities in Central Asia, Southern South America, Middle East,
Mediterranean Coast, and Australia benefit the most from roofs with simultaneous TAE and high albedo. These
roofs can mitigate hot and cold extremes, create summer cooling and avoid heating energy penalty in the winter
(Figures le and 1f and 7c and Table S2 in Supporting Information S1). However, TAE is neither necessary nor
effective for tropical cities in regions such as South Asia, Central America, and Amazon basin, which require
cooling throughout the year. These cities benefit the most from conventional radiative cooling materials or other
super cool materials that provide constant cooling, reducing temperature and building energy use. For cities north
of 50°N (i.e., North Asia and Northern North America), neither TAE nor high albedo roofs significantly impact
winter air temperature because of high snow cover (Figure S3b in Supporting Information S1) and low climate
sensitivity to emissivity and albedo (Figures 4c and 5c). Other innovative strategies are required to mitigate cold
and hot extremes for these cities. Besides, the optimal emissivity and albedo may vary for different cities. This
study uses a moderately high albedo of 0.75. Having albedo higher than 0.75 provides more cooling all year
around, which benefits tropical cities (Figure 5).

The snow effect should be considered when choosing climate-specific roof materials because snow cover plays an
important role in shaping radiative mitigation strategies. In cities north of 45°N, the fraction of roof area covered
by snow in the winter (f; ) is 0.62 + 0.35 (mean =+ one standard deviation). Because the TAE coating is largely
masked by snow, TAE produces little winter warming and energy saving for these cities under the current climate.
With future warming under the SSP5-8.5 scenario, the snow effect is only evident in Siberia, North Europe, and
Northern North America. The average f; , is 0.2 for cities north of 45°N, and the benefit of TAE becomes larger.

4.2. Climate Sensitivity to TAE Transition Temperatures

At the same local temperature, the transition temperatures control whether the TAE roof is in the low-emissivity
or high-emissivity state, which can be adjusted by changing the chemical composition of the TAE coating (S. Lee
et al., 2021). Tang et al. (2020) present a technique to program the two temperature thresholds 7; and 7. It is
possible to fine-tune these thresholds according to local climate conditions to maximize the TAE climate benefits.
Atalower T, the TAE roof will be in the low-emissivity state for shorter durations. Conversely, at a lower T,, the
TAE roof will be in the high-emissivity state for a longer duration. A reduction in 7, or T, leads to higher overall
emissivity and causes more cooling. The TAE effect shown in Figures 6a—6c¢ is based on the default 7', and 7, of
19 and 27°C, respectively (Tang et al., 2021). Here, we investigate the sensitivity of the TAE effect to 7, and T,
(Equations 1 and 2). This is done with the parameterization scheme described in Section 3.3 and aided by modeled
urban surface temperature (at hourly time steps), modeled air temperature sensitivity to emissivity, and roof snow
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Figure 9. Sensitivity of air temperature to the temperature-adaptive emissivity temperature thresholds under the current
climate. Region definitions and geographic boundaries are given in Figure S3 in Supporting Information S1.

fraction. Figure 9 shows the results for six 7 and 7, combinations. The reference state in this case is the TAE with
T, = 19°C and T, = 27°C. A negative temperature change means more cooling than this reference state.

First, reducing T, and T, by 3°C is beneficial for many mid- and low-latitude regions (Figure 9). For Middle East,
South Asia, Central America, Amazon Basin, North Africa, and Southeast Asia with warm winter and hot
summer, reducing 7, and 7, provides additional summer cooling by O to 0.04°C and lowers the winter tem-
perature by 0.02 to 0.06°C relative to the TAE baseline. As for Mediterranean Coast, East Asia, Australia, and the
Southern North America with a hot summer and cold winter, they experience an additional 0.03 to 0.04°C summer
cooling and negligible change in winter temperature after reducing 7, and T, by 3°C. For example, in Beijing
(39.9° N, 116.4° E), the parameterization predicts the current summer and winter AT, induced by default TAE
roofs to be +0.05°C and +0.26°C with default 7, and T7,. When the T, and T, are reduced by 3°C, the summer and
winter AT, induced by TAE become +0.008°C and +0.26°C, respectively, providing less undesired summer
warming without compromising the desired winter warming. Second, increasing 7', and 7, leads to more TAE
warming in both the summer and the winter (Figure 9). In regions where winter warming is desired and summer
heat stress is not a concern, it may be advantageous to adjust these two thresholds upward. Third, changing T, or
T, by the same amount yields similar temperature changes. Increasing both 7', and 7, simultaneously by the same
amount produces temperature changes that are roughly equal to the sum of the changes from increasing 7'; and T,
separately.
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Besides adjusting T, and T, thresholds, our parameterization scheme can be used to evaluate the sensitivity to the
lowest and highest emissivity of this material as well as its albedo, aiding optimization of roof material choice for
specific cities.

4.3. Limitations

The original TAE cooling surface developed by Tang et al. (2021) exhibits emissivity behaviors in the sky
window (wavelength 8-13 pm). However, CTSM uses broadband emissivity for surface energy balance
computation, where the same emissivity value is assigned to all infrared wavelengths. The difference between
broadband and sky-window emitters depends on ambient temperature and local climate conditions. Studies have
shown that an ideal broadband emitter provides more cooling than an ideal sky-window emitter when the surface
temperature is above or close to ambient air temperature (Z. Huang & Ruan, 2017; Yin et al., 2020). A theoretical
calculation shows that their difference in net cooling power is less than 15 W m™2 when the temperature dif-
ference between surface and ambient air is within 10°C (D. Zhao et al., 2019), which is about 8% of the absolute
net cooling power produced by broadband (185 W m™~2) and sky-window emitters (200 W m™~>). In humid climate
with strong downward longwave radiation, broadband emitters have lower cooling power than sky-window
emitters because they absorb more downward longwave radiation (Feng et al., 2020). These past studies
consider ideal sky-window emitters with emissivity of 1 in the sky window and zero in other infrared wave-
lengths. However, we note that the TAE cooling surface is not a perfect sky-window emitter since the emissivity
outside the sky window is non-zero. Tang et al. (2021) reported that the TAE cooling material and a broadband
emitter with the same emissivity offer similar net cooling power, with the deviation smaller than 10% even when
the temperature difference between the surface and ambient air exceeds 20°C. Therefore, using a broadband
emissivity in CTSM is a reasonable approximation for performance evaluation of the original TAE material.

Another limitation of this study is that the emissivity at high temperatures used in our simulations (0.98) is higher
than the value of 0.9 reported by Tang et al., 2021. We note that some PRC surfaces (C. Wang et al., 2024) and
other TAE materials (C. Chen et al., 2024; Xie et al., 2024) can achieve emissivity greater than 0.96. According to
the parameterization we described in Section 3.3, by changing the TAE emissivity in the high-emissivity state
from 0.98 to 0.90, the summer temperature change is 0.02 + 0.01°C (mean of regional values =1 standard de-
viation of the 16 regions shown in Figure S3 in Supporting Information S1, under the current climate), which will
not impact our conclusions qualitatively.

In our simulations, we used prescribed atmospheric conditions to force the CTSM calculations, assuming
implicitly that TAE and high albedo roofs have no influence on the atmosphere above. This assumption is valid if
the surface radiative property change occurs in a small scale (Chen & Dirmeyer, 2020). However, large-scale
adoption of these roofs may alter atmospheric conditions and trigger land-atmospheric feedback. In a numeri-
cal experiment on idealized land surface with varied albedo anomalies, land brightening triggers mesoscale
circulation and increases regional precipitation. The enhanced evaporation further strengthens the cooling
initiated by albedo increase (Cheng et al., 2023). In a modeling study on the climate effect of super cool material,
an inversion layer develops over a land surface with high albedo, a consequence of which is a reduction of near-
surface wind (Khan et al., 2021). Weaker wind in the boundary layer causes reduction of moisture vertical
transport and hinders cloud formation (Mohammed et al., 2021), which in turn will increase the incoming solar
radiation and counteract the albedo cooling effect. On the other hand, reduction in cloud contributes to a more
negative net apparent longwave radiation, and we expect a greater temperature reduction for the same amount of
emissivity increase (Figure 4). To what extent these feedback processes matter likely depends on local soil
moisture status and regional circulation patterns. New progress can be made with fine-resolution simulations that
allow the surface and the atmosphere to interact with each other.

Large-scale application of TAE materials faces several challenges. Currently. there is no price estimation for the
TAE material, but its production cost is expected to be much higher than existing commercial cool roofs (USD 8
to 65 per m>) and green roofs (initial cost at USD 108 to 270 per m?; Santamouris et al., 2011; Tang et al., 2021;
US EPA, 2008). Currently, temperature-adaptive radiative coatings cannot be customized for color, but aesthetic
considerations are crucial for commercializing these novel materials. Potential solutions to producing colored
radiative cooling material could be based on photoluminescence (Min et al., 2022) or selective absorption (Yalgin
et al., 2020). Finally, information on TAE material durability is needed to provide a comprehensive price
evaluation.
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5. Conclusions

In this study, we assess the climate and energy benefits of a novel roof coating with TAE and high albedo using a
global climate model. Three sets of factorial experiments are carried out to separate the effects of TAE and high
albedo and their combined effect.

We find that roofs with TAE have a negligible effect on air temperature under hot conditions, such as summer
season at mid-to high latitudes and all seasons near the equator. However, they provide winter warming in
extratropical cities by up to 0.54°C (99th percentile). Conversely, high albedo alone reduces winter temperature
and leads to non-negligible winter heating energy penalty for regions with cold winters, resulting in a 2.5%
(38.1 GW) and 1.7% (60.2 GW) increase in total energy demand for space heating and cooling in temperate and
boreal climates. The adoption of roofs with TAE and high albedo enhances both thermal comfort and urban
sustainability, especially in mid latitudes. It reduces summer daily maximum temperature and increases winter
daily minimum temperatures, changing the annual building energy demand by —20.2%, —0.7%, —3.7%, and
+0.2% in tropical, temperate, arid, and boreal climate zones.

The use of high albedo roofs reduces summer temperature at mid-to high latitudes and all-season temperature near
the equator. In the winter, the TAE warming in mid-latitude cities can fully offset the undesired winter cooling
induced by high albedo. In summary, tropical, low latitude cities benefit from conventional radiative cooling
material with constant cooling effect. The combination of TAE and high albedo suits mid-latitude cities with
evident seasonality. However, radiative mitigation strategies generally are not influential in winter for boreal,
high latitude cities. Other innovative strategies are needed to achieve thermal regulation and heating energy
saving.

There are positive linear relationships between air temperature sensitivity to emissivity (A7,/Ae) and local
apparent net longwave radiation and negative linear relationships between air temperature sensitivity to albedo
(AT,/Aa) and incoming solar radiation. Utilizing these relationships, we have developed a simple parameteri-
zation to predict air temperature response to roof emissivity and albedo. This parameterization offers first order
evaluations of climate responses to different roofing materials.

Data Availability Statement

The Community Terrestrial Systems Model is available at https://github.com/ESCOMP/CTSM. The data and
Python code used to produce the figures in this paper are available on Figshare (https://doi.org/10.6084/m9.
figshare.26264063.v1; K. Zhang et al., 2024).
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