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a b s t r a c t 

Daytime radiative coolers appear to be the most triumphant and promising technology for urban thermal manage- 
ment, as they could improve the thermal field of the cities, especially during the summertime. However, during 
the colder months, it can lead to an overcooling penalty, a widely overlooked phenomenon. This study aims to 
determine the cooling penalty derived from using super-cool materials (SCMs) at a city scale. We used a mesoscale 
urban modeling system to assess the overcooling of three broadband SCM emitters with different reflectivity and 
emissivity values. A significant change was found in radiation and energy balance compared to the control case 
(CTRL) during the daytime and nighttime. Under the most reflective and emissive SCM scenario, the maximum 

decrease of net radiation at peak hour was 354.9 Wm 

− 2 , therefore choosing a scenario with lower albedo values 
for walls and ground would be more beneficial. The mean decrease of ambient temperature, surface tempera- 
ture, roof temperature and canopy were 2.8 °C, 4.7 °C, 12.9 °C and 6 °C, respectively. This SCMs assessment is 
a first stride to understand better the unexplored behavior of the boundary layer meteorology and its depiction 
in the mesoscale climate model for winter seasons. The implementation of SCMs during winter could create an 
inversion layer near the surface, leading to a buildup of stagnant air over the urban environment, resulting in 
heating during the night in the winter seasons as usual with SCMs as with the CTRL. Further research is needed 
on material development to modulate materials’ spectral configuration to address overcooling during the winter 
and improve SCMs’ year-round performance at city scale. 
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Cities run the risk of becoming victims of their own success and caus-
ng ever-larger global ecological footprints and urban environmental ex-
ernalities. Haphazard urban growth is a seemingly unbeatable global
rocess in the major cities. Thus, rapid urbanization around the globe is
xacerbating the amount of land converted to urban land, resulting in
ncreased surface and ambient temperatures in those areas [ 33 , 42 ]. Ur-
an overheating is related to higher urban temperatures in dense parts
f cities caused by the positive thermal balance of the urban regions in
omparison with their surrounding rural areas [2] . Moreover, urbaniza-
ion can induce phenomena such as the urban dryness island referring to
onditions where lower humidity values are observed in cities relative
o more rural locations, and to slower wind speed compared to adjacent
uburbs and countryside [20] . 
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Oke et al. identified as the most prevalent causes of urban heating
he significant release of anthropogenic heat, the excess storage of solar
adiation by city structures, the lack of green spaces and cold sinks, the
on-circulation of air in urban canyons, and the reduced ability of emit-
ed infrared radiation to escape into the atmosphere [43] . A total of 400
ities worldwide have been identified to suffer from this phenomenon
alled the urban heat island (UHI), and the number of cities is increas-
ng rapidly [51] . Moreover, heat islands are related to amplified cooling
oads, health risks, and vulnerability during the summer [62] as the rise
f the peak electrical load per degree of ambient temperature increase
aries between 0.45% and 4.6% [52] . 

Furthermore, heatwaves intensify UHI both during day and night
15] and severely impact thermal comfort, cooling energy consumption,
he concentration of harmful pollutants, and heat-related mortality and
orbidity [50] . Recent research has found that populations living in

ities with warmer precincts have a close to 6% higher mortality risk
han those living in cooler urban neighborhoods [57] . In the context of
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Nomenclature 

T amb ient Ambient temperature 
T sur face Surface temperature 
T air Air temperature 
T canopy Urban canopy temperature 
T roof Roof surface temperature 
Q ∗ Net inflow radiation 
Q E Latent heat flux 
Q H Sensible heat flux 
Q G Heat storage 
SCM Super cool material 
DRC Daytime radiative coolers 
KMA Kolkata metropolitan area 
PBL Planetary boundary layer 
WRF Weather research and forecasting 
SLUCM Single layer urban canopy model 
SUHI Surface urban heat island 
IMD India Meteorological Department 
UCM Urban canopy model 
CTRL Control case 
CAPE Convective available potentian energy 

egional climate change, heatwaves are more frequent, intensified, and
rolonged, which coupled with rapid urbanization aggravate thermal
isk in urban environments. To counterbalance the continuous increase
f the amplitude of urban heat and the frequency and magnitude of
eatwaves, efficient urban mitigation and adaptation policies involving
atural and artificial cooling technologies have to be developed and im-
lemented [55] . The potential mitigation measures to counterbalance
he impact of climatic change in the cities are urgent. To offset the im-
act of urban warming, numerous large-scale mitigation technologies
ave been proposed. For decades, reflective rooftops with white coat-
ngs have been used and advocated as cost-effective measures to mitigate
he urban heat and reduce building cooling loads [ 1 , 6 , 25 , 24 , 49 , 54 ].

The recent technological progress has resulted in material develop-
ents with engineered spectral properties such as IR reflective particles,
hase change materials (PCM) [ 10 , 48 ], thermochromic materials [ 23 ,
5 , 68 ], fluorescent materials [ 16 , 26 ], photonic [ 5 , 31 , 30 ] and plas-
onic materials [39] . In addition, urban heat mitigation solutions can

e achieved by cutting off incoming solar radiation with broadband ra-
iative coolers. New building materials can reduce urban temperatures
nd counteract the effects of local climate change. These technologies
ould turn building environments into climate-fighting tools. 

Radiative coolers or super cool materials (SCMs) have raised re-
earchers’ interest in the last years due to their high mitigation poten-
ials [60] . These materials rely on increasing a natural heat-shedding
ffect, known as the passive radiative cooling process. Radiative cool-
ng is the physical phenomenon by which an object dissipates heat as
nfrared radiation through the atmospheric transparency window, over
id-infrared wavelengths, between 8 and 13 𝜇m [34] . The optical prop-

rties of SCMs fall into two categories: strictly selective materials (highly
missive only in the atmospheric window) and broadband materials
highly emissive in the infrared range). These materials have achieved
lbedo and emissivity values greater than 0.96 and 0.97, respectively.
 high broadband emittance SCM is preferred for above ambient cool-

ng. Broadband emitters exhibit better performance in arid climates, be-
ng detrimental under humid climatic conditions [ 13 , 19 ]. As a result,
roadband radiators enhance radiative cooling in the daytime yet sup-
ress overcooling at night, leading to a narrowed diurnal temperature
ifference than the selective emitter. Such a difference can be attributed
o the broadband radiator’s stronger heat exchange capacity with the
ky [64] . As a result, the daytime radiative broadband emitters end up
bsorbing greater atmospheric radiation. 
2 
Recent studies reported that SCM surfaces could radiate away
nough heat to consistently stay up to 5–10 °C cooler than the sur-
ounding ambient air temperature, even under the typical mid-summer
ay due to their high solar reflectivity and high infrared emissivity [ 14 ,
9 , 67 ]. A comparison of several mitigation techniques on an urban
treet canyon concluded that, on its own, radiative cooling materials
pplied on shading devices decreased up to 1.6 °C ambient temperature
nd 24.2 °C surface temperature, being one of the most efficient strate-
ies in the study [4] . The main limitations with the broad application of
CMs are the costly material fabrication and scalability [ 12 , 53 , 65 , 66 ].
owever, current efforts are directed towards achieving easy to develop
nd apply materials. For example, a recent study developed a low cost
0.3 €/m 

2 for a layer of 2 𝜇m of PMSQ and SiO 2 particles), scalable and
prayable SCM able to reduce the bare substrates’ temperature under
on-ideal climatic conditions 1.7 °C with up to 12 °C temperature drops
7] . 

Besides using SCMs as passive cooling materials, they might be used
or electricity generation at night, water condensation during the day,
nd reduce the demand for power-hungry refrigeration and air condi-
ioning [ 47 , 56 ]. In addition, super cool roofs and pavements reduce the
nergy needed for cooling. As a result, their implementation decrease
O 2 emissions that increase the magnitude of climate change. Thus,
aking cities more economical, environmentally friendly, and liveable.
owever, few studies have considered these materials as part of a geo-
ngineering strategy to help the earth shed heat to offset global rising
emperatures rather than block the sun’s incoming energy [41] . More-
ver, SCMs might not endure all weathers or be easily adapted for all
uilding morphologies and environments. Through the modulation of
eflectivity and emissivity of the materials, SCMs can have the capacity
o both cool the urban environment in summer and heat in winter. These
aterials can reflect, refract, and form interference patterns, which can
ositively, negatively, or synergistically impact urban environments. 

The urban cooling effect works preeminently in dry climates and
ith a calm atmosphere during summer. The cooling potential of ra-
iative coolers reduces significantly in high humidity zones as high at-
ospheric water vapor concentration reduces the transmissivity in the

tmospheric window wavelengths (8–13 𝜇m). Thus, water vapor traps
 significant amount of infrared radiation from the urban surface under
loudy or humid weather, preventing heat exchange with outer space. 

Despite the mounting comprehension of urban heat mitigation tech-
ologies, the numerical assessments of recently developed innovative
CMs broadband emitters are scarce. SCMs were simulated for the first
ime at a city scale in the city of Kolkata, achieving excellent results;
eing able to reduce the peak air temperature in a city from 5.3 °C to
.6 °C, depending on the scenario [14] . Moreover, results reported that
roadband coolers could significantly mitigate summertime urban heat.
owever, the cooling island effect they generate would increase side
ffects such as a decrease in the mixing layer of the lower atmosphere
nd an augment in pollutant deliberation. The use of SCMs might in-
rease the energy savings but might increase the heating energy penalty
ompared with a cool roof [ 3 , 17 ]. To our understanding, there is a sub-
tantial lack of scientific investigation on the performance of reflective
aterials for a tropical wet and dry climate and the associated mete-

rological effects at a city scale. While in most cities the surrounding
nvironment is at a lower temperature, generating advective flows ad-
antageous for the urban zones, coastal cities are surrounded by much
ooler environments causing the urban cooling passively of these cities
hrough sea breeze and affecting the regional thermal balance in an ut-
erly diverse way than the land locked cities. Therefore, studying the
mpact of SCMs as a well-liked approach of urban mitigation strategies
or urban heat management in tropical regions is imperative. To do so, a
igh-resolution city scale model is used to test the cooling efficiency of
he SCMs materials, assess the city’s thermal balance, and determine the
est solution for future urban sustainability. The different SCMs scenar-
os were simulated under a well-validated model during the wintertime
or Kolkata Metropolitan Area (KMA). It is expected that the implemen-
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Fig. 1. The three domains setup adopted for WRF in the current study, showing 
the model topography in colours. 
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ation of advanced mitigation technologies, such as the implementation
f SCMs, will significantly reduce the buildings’ energy consumption,
nhance thermal comfort, social equity and improve heat-related health
ssues in the cities rather than excess overcooling for the winter season.
he primary questions to be addressed through this study are: 

a) How can SCMs endorse the urban thermal environment in tropical
cities, and which materials perform best for the winter season? 

b) What is the overcooling penalty under a choice of modified albedo
environment in tropical cities during winter? 

c) What are the lower atmospheric effects caused by the alteration of
the urban albedo in tropical cities during the cold period? 

Thus, this study aims to determine the winter overcooling penalty of
uper cool photonic materials in cities. We forecasted the impact on an
rban scale of different types of broadband SCMs during the cold sea-
on. The sensible heat, latent heat, heat storage, and net inflow radiation
ere calculated alongside the ambient temperature, the roof tempera-

ure, and the urban canopy temperature (both day and night). 

ethods 

limate and location selection 

For this study, simulations were carried out during clear sky and
alm wind situations during two consecutive days around the winter
olstice in Kolkata, from the 21 st of December to the 22 nd of Decem-
er 2019. Three scenarios plus one control case (CTRL), were simulated
n a tropical wet and dry climate (Aw-Tropical Savanna Climate under
he Köppen Geiger classification scheme). During the selected period,
he maximum and minimum temperatures were 24.2 °C and 14.5 °C, re-
pectively, with average values of 20.1 °C. The average relative humid-
ty was 57.8% and the observed average UHI was 3.1 °C with maximum
alues of 5.6 °C and minum of 0.6 °C. The KMA was selected as pre-
ious research [14] has shown it would benefit from SCMs during the
ummer. Thus, the impact in winter was assessed in the same location.
oreover, KMA is considered a representative location of the regional

ropical context. 

odel configuration 

In this research, the community Weather Research and Forecasting
WRF v4.0.0) model was coupled with a highly sophisticated single-
ayer urban canopy model (SLUCM) [27] . As shown in Fig. 1 , we config-
red WRF-SLUCM over a one-way parent domain D01 (black) (22.57°N,
8.36°E) with a horizontal grid resolution of 18 km and two nested
omains: D02 (blue) with 6 km resolution, and D03 (red) centered in
olkata city with a 2 km resolution. The figures’ background shows the

opography of Kolkata metropolitan areas (KMA). The default parameter
alues for the urban table were used in the WRF-SLUCM model. 

The initial and boundary meteorological conditions of the WRF-
LUCM were defined based on the high-resolution National Centers for
nvironmental Prediction (NCEP) Global Forecasting System (GFS) Op-
rational Global Analysis and Forecast Datasets (NCEP-GFS 0.25 Degree
lobal Forecast Grids, 2015). The resolution of the grid is 0.25 by 0.25°
nd is prepared for every three hours up to 240 h. In addition, sev-
ral models were included for the physical parameterization of the WRF
odel: the rapid radiative transfer model [38] for longwave radiation,

he Dudhia scheme [11] for shortwave radiation, the Mellor and Ya-
ada’s TKE scheme [37] for the Turbulence, the Purdue-Lin scheme

32] for the microphysics, the Asymmetrical Convective Model version 2
46] for the planetary boundary layer, Kain-Fritsch (KF) scheme [22] for
umulus parameterization and the Noah-LSM with single-layer urban
anopy model [ 9 , 27 ] was implemented as the model surface layer. 
3 
odel validation and evaluation 

The performance of the WRF-SLUCM model was evaluated by com-
aring the base case simulation with local observations over the D03
omain urban grid cell, using the hourly output of the air temperature
t 2-m high for two consecutive days. These two days were the cold-
st in 2020, as per India meteorological department (IMD) records. The
ourly climate data were obtained from six local meteorological stations
rom Kolkata Municipal Corporation (joint venture of Indian Institute of
echnology Kharagpur and Kolkata Municipal Corporation) to evaluate
nd validate the model. 

Table 1 presents the statistical comparison of the mean bias error
MBE), mean absolute error (MAE), root mean square error (RMSE),
nd correlation coefficient (r) for the hourly 2-m air temperature. 

The base case simulation agreed soundly with local observations
 p < 0.05) and forecasted urban conditions well. In addition, the WRF-
LUCM model could accurately forecast the temperature observed at
ifferent stations with a 0.89 correlation coefficient and 0.81 mean bias
rror. The mean bias error of air temperature ranges from − 0.5 °C to
.1 °C, and the root means square error, from 0.8 °C to 2.9 °C. Ratan
abughat (RBG) obtains the most accurate estimates of 2-m air temper-
ture over the urban grid, 0.8 °C. Uncertainties of the model parameters,
hysical schemes, input data, and lack of proper urban morphological
epresentation are the most probable causes of model biases. In this case
nd most likely due to an error in the solar radiation over the urban do-
ain, the model slightly underestimates the 2-m air temperature. 

Nevertheless, the index of agreement ranges from 0.81 to 0.95 com-
ared to the simulated result. Thus, the presented validation proved that
he WRF-SLUCM model could reproduce the urban environment realis-
ically. As a result, the model could be used for future research related
o other mitigation strategies for urban heating. 

tudy cases: Kolkata metropolitan area 

The performance of SCM broadband emitters was evaluated with the
ourly simulation data of the model innermost domain (D03), excluding
he first 24-h of the simulation from post-processing and analysis as they
ere the model spin-up time. This area is considered as a core urban

egion in KMA within our study domain. 
One CTRL and three additional numerical experiments were con-

ucted in this study to evaluate the performance of SCMs as urban heat
itigation technologies. In addition, the CTRL simulation with default
rban parameters is set up to verify the reliability of the model by com-
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Table 1 

Simulation results comparison with observed data. 

Parameters 
Local meteorological stations 

Alipore 
(ALP) 

Ratanbabu Ghat 
(RBG) 

Shibpur 
(SHP) 

Palmer Bridge 
(PLB) 

Jora Bridge 
(JRB) 

Joka 
(JKA) 

Correlation coefficient 0.8165 0.9687 0.9422 0.8634 0.8216 0.9326 
Mean bias error − 2.1 − 0.34 − 0.89 − 1.0 0.05 − 0.54 
Mean absolute error − 2.10 − 0.33 − 0.88 − 1.02 0.04 − 0.54 
Root mean square error 2.9 0.80 1.40 1.90 2.00 1.40 
Index of agreement 0.81 0.98 0.95 0.90 0.89 0.95 

Table 2 

Numerical design of WRF-UCM simulation for SCM broadband emitters in winter case. 

Numerical design Type of roof 
Mitigation strategies (urban areas) 

Albedo fraction Emissivity fraction 

Control case (CTRL) Conventional roof Roof 0.20 
Wall 0.20 
Ground (road) 0.20 

Roof 0.90 
Wall 0.90 
Ground (road) 0.95 

Super cool materials-A (SCMs-A) Super cool roof Roof 0.96 
Wall 0.91 
Ground (road) 0.71 0.97 for All 

Super cool materials-B (SCMs-B) Super cool roof Roof 0.96 
Wall 0.30 
Ground (road) 0.40 0.97 for All 

Super cool materials-C (SCMs-C) Super cool roof Roof 0.90 
Wall 0.20 
Ground (road) 0.20 0.90 for All 
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Table 3 

Distribution of flux parameters for SCM broadband emitters in winter 
case. 

Time Flux parameter (Wm 

− 2 ) SCMs-A SCMs-B SCMs-C 

Daytime Q H max − 186.8 − 148.8 − 128.7 
Q H mean − 86.7 − 68.2 − 58.9 
Q E max − 38.6 − 16.2 − 13.9 
Q E mean − 18.1 − 9.0 − 7 
Q G max 144 67.6 45.9 
Q G mean 56.8 25.1 16.3 
Q ∗ max − 354.9 − 220.2 − 177.4 
Q ∗ mean − 161.6 − 102.3 − 82.2 

Nighttime Q H max − 8.8 − 4.9 − 3.1 
Q H mean − 7.7 − 4.1 − 2.7 
Q E max 3.5 2.8 2.6 
Q E mean 0.7 0.7 0.4 
Q G max − 35.3 − 19.1 − 14.1 
Q G mean − 25.9 − 13.5 − 10.1 
Q ∗ max 28.3 15.8 12.1 
Q ∗ mean 18.9 10.1 7.8 
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aring the simulation results and observation data collected from local
eather stations. The different scenarios have different albedo and emis-

ivity values for roofs, walls, and grounds ( Table 2 ). The modification
f albedo and emissivity on the building façade and urban surface can
hange the energy balance of the city. Increasing the albedo and emis-
ivity fraction in urban grid cells can modify the energy component of
uxes of urban surfaces. 

The SCMs are highly reflective in the solar wavelengths (more than
ommon materials), as a result, they are relatively unaffected by in-
oming solar radiation. On the other hand, common reflective materials
white paint and cool-colored paint) have a consistent emissivity in the
hole longwave electromagnetic spectrum. On the contrary, SCMs have
arying spectral emissivity. The current version of WRF-UCMs (single
ayer or multilayer) does not allow the wavelength-dependent emissiv-
ty values in the urban parameter table of the WRF urban modeling
ystem. Therefore, the albedo and emissivity of all the urban surfaces
ere modified from 0.2 (CTRL simulation) to 0.96 and 0.90 to 0.97, re-

pectively. One CTRL and three additional scenarios considering higher
lbedo values were designed and simulated as well. In the three modi-
ed albedo scenarios, we considered increasing the initial albedo value

rom 0.20 (CTRL simulation) to 0.96 over Kolkata city. An albedo close
o 0.20 can be achieved using commercially available conventional ma-
erials at a city scale; it is considered a realistic research assumption.
he three other scenarios consider high albedo values at the upper limit
f the commercial technological solutions. The wall, roof, and ground
lbedo were changed for SCMs-B and SCMs-C, and they are considered
easonable values according to the current mitigation technology [14] .
 high albedo wall value of 0.91, such as in SCMs-A, may affect car
rivers and pedestrians as the reflected light might glare and have con-
rast effects. However, given the rapid development of the so-called su-
er cool photonic materials presenting reflectance values above 0.90, it
s of particular interest to explore the cooling potential and the impact
n the atmospheric dynamics of such high albedo values at the city scale
uring the extreme winter period 

esults of the city scale simulations 

For all scenarios described in Table 2 , net inflow radiation 𝑄 ∗ , la-
ent heat 𝑄 , sensible heat 𝑄 , and heat storage 𝑄 , were calculated
𝐸 𝐻 𝐺 

4 
nd comparatively discussed. The results of the simulations are summa-
ized in Table 3 . Fig. 2 shows the alterations in heat flux components
ver urban environments in the different scenarios and compared to the
TRL. Results showed that each flux partition component significantly
ropped when SCMs were applied on a city scale. 

The maximum decrease of sensible heat ( 𝑄 𝐻 max 
) occurred at peak

our, and the values ranged from 186.8 Wm 

− 2 to 128.7 Wm 

− 2 . Thus,
he SCMs had the highest impact on 𝑄 𝐻 

reduction due to cut-off input
adiation, and the input energy was lower over the urban domain. On
he other hand, during nighttime, the average 𝑄 𝐻 

decrease was lower
han daytime, varying from 7.7 Wm 

− 2 to 2.7 Wm 

− 2 . Thus, SCMs could
educe a daily average negative sensible heat from 20 Wm 

− 2 to 40 Wm 

− 2 

ompared to the CTRL. 
The maximum decrease of latent heat ( 𝑄 𝐸 max 

) occurred at peak hours
s well. All scenarios SCMs-A, SCMs-B and SCMs-C decreased latent heat
uring the day. However, the reversed conditions occurred during night-
ime, where latent heat increased for the three studied cases. Urban
vaporative surfaces received a meager amount of solar energy due to
he high reflection of incoming solar radiation during the daytime, so
he latent heat reduction is comparatively low. 
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Fig. 2. WRF simulations of surface energy heat fluxes 
for a typical winter day episode with SCMs. Differences 
in heat fluxes derived from two-dimensional surface 
energy budget/radiation from WRF-SLUM model sim- 
ulations. 

Fig. 3. Violin plots of urban state variables (hourly) 
temperatures over the urban area where SCMs are im- 
plemented. Results of 24-h x169 points, whose albedo 
and emissivity were changed. The comparisons were 
done with the newly developed SCMs (SCMs-A, B, C) 
and CTRL for 𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 , 𝑇 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 , 𝑇 𝑟𝑜𝑜𝑓 , and 𝑇 𝑐𝑎𝑛𝑝𝑜𝑦 . These 
temperatures derived from the energy budget on the 
canyon surface of each facet (roof, wall, and ground) 
through their effect on the heat fluxes. WRF 2-m tem- 
perature was considered as 𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 . 
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Table 4 

Distribution of temperature reduction in winter, comparison of the SCM broad- 
band emitters with the CTRL. 

Time 
Thermal 
parameter ( °C) SCMs-A SCMs-B SCMs-C 

Daytime T amb ient max − 4.2 − 2 − 1.6 
T amb ient mean − 2.8 − 1.2 − 0.9 
T surface max − 7.3 − 4 − 3.3 
T surface mean − 4.7 − 2.5 − 2 
T roof max − 21.2 − 20 − 16.9 
T roof mean − 12.9 − 12.1 − 10.2 
T canopy max − 9.3 − 1.6 − 0.5 
T canopy mean − 6 − 0.7 − 0.2 

Nighttime T amb ient max − 2.4 − 1.1 − 0.7 
T amb ient mean − 1.5 − 0.7 − 0.5 
T surface max − 2.9 − 1.5 − 0.9 
T surface mean − 2 − 1 − 0.6 
T roof max − 7.2 − 6.3 − 5 
T roof mean − 5 − 4.4 − 3.5 
T canopy max − 5.4 − 0.9 − 0.3 
T canopy mean − 3.9 − 0.7 − 0.2 

f  

t
 

The SCMs mitigate urban overheating mainly by decreasing the so-
ar radiation absorbed by the urban surfaces and reemission of the
bsorbed heat, so the net inflow radiation ( 𝑄 ∗ ) was also reduced
uring the daytime; as a result, the maximum decrease occurred at
eak hours due to their high albedo values, especially for SCM-A
ith the highest roof, wall and ground numbers. The reverse phe-
omenon occurred at nighttime. Consequently, the maximum decrease
f net radiation occurred at peak hour with values ranging from
54.9 Wm 

− 2 to 177.4 Wm 

− 2 . 
Besides calculating the different heat fluxes, the ambient, roof, sur-

ace, and canopy temperatures were obtained from the surface en-
rgy balance flux partitions in the WRF-SLUCM urban modeling system
 Fig. 3 ). 

The results, summarized in Table 4 , showed a reduction of the max-
mum ambient temperature ( 𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝑚𝑎𝑥 ) for all SCMs scenarios, ranging
rom 4.2 °C to 1.6 °C. The minimum ambient temperature reduction
 𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝑚𝑖𝑛 ) also significantly varies for each case scenario (from 0 °C
o 0.1 °C) during the simulation period depending on the albedo and
missivity fraction change. The diurnal profile of ambient temperature
 𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 ) reduction was also presented by the daytime and nighttime av-
rage of each super cool roof scenario with similar meteorological con-
itions. During the daytime, the highest average ambient temperature
 𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 ) reduction was 2.8 °C, achieved with SCMs-A. As mentioned be-
n  

5 
ore, SCMs-A has the highest overall albedo and emissivity values among
he considered scenarios for roofs, walls, and ground. 

Moreover, SCMs-A’s maximum reduction ambient temperature at
ighttime is 2.4 °C with average values of 1.5 °C. Therefore, all the stud-
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Fig. 4. Drop of 𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 compared to the CTRL. Results showed that temperature drops in DO3 for urban areas of KMA where SCMs are implemented. In this case (a) 
SCMs-A significantly drops the temperature due to high albedo of the materials and emissivity compared to (b) SCMs-B, and (c) SCMs-C. 

i  

w  

o  

i  

w  

i  

t  

4  

W
 

d  

(  

s  

i  

r  

w  

u  

d  

a
 

t  

d  

t  

a
 

t  

s  

1  

l
 

f  

(  

5  

t  

l  

r  

c  

d  

m  

a  

t  

c  

s  

l  

t  

c
 

m  

s  

a  

c  

f  

a  

a  

t  

b  

s  

n
 

m  

u  

c  

t  

w  

t  

t  

i  

s  

p  

a  

e  

m  

r  

s  

i  

t  

n  

s
 

d  

a  

q  

o  

v  

l  

K  

v  

t  
ed scenarios could reduce the peak UHI intensity nevertheless, they
ould decrease thermal comfort during the winter days. The benefits
f using the materials during the summer could compensate the heat-
ng penalty during the winter. As a result, the peak electricity demand
ould decrease during the summer but increase during the winter. Ev-

dence suggests that for each degree of ambient temperature decrease,
he corresponding peak electricity demand reduces between 0.45% and
.6%; this equals an additional peak electricity benefit of 21 ( ± 10.4)
/person of each degree temperature decreases [52] . 
SCMs-A achieved the highest ambient and surface temperature re-

uction since it has the highest albedo values for all the parameters
roof, wall, and ground) combined with the highest emissivity. As a re-
ult, SCMs-A’s maximum surface temperature reduction was 7.3 °C dur-
ng the daytime and 2.9 °C at night. The average surface temperature
eduction for all scenarios during the day ranged from 4.7 °C to 2 °C
ith values from 2 °C to 0.6 °C at nighttime. Consistently, the highest
rban canopy temperature reduction was for SCMs-A, 9.3 °C during the
ay and 5.4 °C at night, being almost negligible for SCMs-C (0.5 °C day
nd 0.2 night). 

The maximum roof surface temperature ( 𝑇 𝑟𝑜𝑜𝑓𝑚𝑎𝑥 ) also decreased up
o 21.2 °C with an average of 12.9 °C for SCMs-A with a maximum re-
uction of 𝑇 𝑟𝑜𝑜𝑓 is 7.2 °C during nighttime. The average roof tempera-
ure decrease 𝑇 𝑟𝑜𝑜𝑓 during nighttime is less than daytime, again SCMs-A
chieved the highest reduction, 5 °C. 

The CTRL thermal parameters difference is high enough compared
o the reflective materials for all cases. These SCMs yield close to 100%
olar reflection and thermal emittance at the atmospheric window (8 to
3 𝜇m). Therefore, high spectral requirements at short and long wave-
engths are required to achieve suitable SCMs for heat mitigation. 

Similar to previous studies, we studied the roof temperature of dif-
erent roof surfaces (SCMs roof) and compared it to CTRL simulation
conventional roof) as shown in Fig. 4 . The conventional roof (CTRL) is
.6 °C above the sub-ambient, while the SCMs roof remains 5.3 °C below
he sub-ambient under peak solar radiation. Results confirm that excel-
ent thermal performance is maintained through the SCMs implemented
oof surface. The results also suggested that the roof temperature ( 𝑇 𝑟𝑜𝑜𝑓 )
onstantly remains below the ambient temperature ( 𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 ) simulation
ue to negative flux at the diurnal scale released into the urban environ-
ent. The differences between 𝑇 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 and 𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 were 1.1 °C, 0.7 °C,

nd 0.6 °C, respectively for each scenario. The intensity of heat reduc-
ion is high during peak solar energy. High albedo and emissivity do not
reate contrast and glare during peak temperature in the urban atmo-
phere in SCMs-A in winter. The absorption of the atmospheric radiation
argely depends on local energy balance, convection, atmospheric wa-
6 
er, synoptic weather conditions, and building morphologies within the
ity domain during winter. 

The intensity of the surface urban heat island (SUHI) for the winter
onths was calculated at a diurnal scale for Kolkata from the fixed urban

urface for various rural landscapes. The mean intensity of SUHI reveals
 strong diurnal variation where the positive higher values (5.6 °C) oc-
urred during nighttime, while negative and lower values (0.6 °C) were
ound during the daytime. Because Kolkata is a high-intensity urban
rea —it results in more pronounced heating effects during nighttime
nd greater heat retention during the daytime. Therefore, the UHI is
ypically viewed as a nighttime phenomenon in the KMA with intensity
y nighttime warming over the Indian subcontinent. This is because the
urface temperature of thermally induced building masses is warmer at
ighttime as heat is released slower than in surrounding rural areas. 

The city scale implementation of SCMs leads to modifying the local
eteorological conditions. The higher level of buoyancy effects of an
ndiluted air parcel connected to the potential updraft strength of verti-
al convection substantially decreased during the stable cold night over
he city where SCMs are applied. The situation depends on whether the
et-adiabatic process is deemed reversible or irreversible and whether

he latent heat of freezing is considered over the city with SCMs. Due to
he lack of convective available potential energy (CAPE) during winter
n cities with SCMs, the environment is in hydrostatic balance. The pres-
ure of the parcel is identical to that of the environment. Overall, the
lanetary boundary layer (PBL) starts rising on the south-facing slopes
nd near the ridges (warmed up by sun first and not hindered by pock-
ts of cold air accumulated down the valley overnight) and becomes
ore spatially homogeneous during the afternoon to nighttime. Tempo-

ally, the convection ends around the early evening. The lower atmo-
phere then starts dissipating, and the plain circulation starts reversing
nto a sinking motion. There is an inadequate residual layer at night-
ime since advection by the synoptic wind system dominates from the
earby southern sea and northern long-range mountain or surrounding
uburbs. 

SCMs create regional “high pressure ” air envelop over the urban
omain. It can be seen in the near-surface wind, which is consider-
bly reduced during the daytime up to 4–6 ms − 1 . The apparent conse-
uence of the input heat deficit is the reduction of ambient temperature
ver the urban domain. Moreover, the offset of input solar radiation re-
eals a light energy source to develop the urban atmospheric mixing
ayer during the urban atmosphere’s winter. The simulated results for
olkata show that the constantly lower temperature could create an in-
ersion layer near the surface when implementing SCMs, presented by
he potential temperature with a vertical profile for the boundary layer
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Fig. 5. Change in time of potential temperature over an urban area. Impacts of SCMs cooling on boundary layer stability can be evaluated through potential 
temperature for a diurnal cycle. During peak hours, the convective boundary layer developed the fastest way and gradually deeper with (a) CTRL compared to (b) 
SCMs-A, (c) SCMs-B, (d) SCMs-C in the lower atmosphere. Due to SCMs cooling, the PBL tends to be lower in thickness (white line), reducing the vertical wind speeds 
during daylight. In turn, this effect led to lesser vertical convective mixing and a lower PBL height. In other words, the PBL also contracts due to a reduction of rising 
thermals from the surface at nighttime. 
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 Fig. 5 ). These meteorological changes in the lower atmosphere could
ead to a buildup of stagnant air over the urban environment. As a result,
uilding heat remains poised over a city, preventing its easy rejection to
pace, resulting in the heating effects during night in the winter seasons
s usual with SCMs as with the CTRL. 

iscussion 

CMs in winter seasons 

The minimum temperature of Indian cities during winter seasons
ubstantially increased compared to previous decades. Although it is
rucial to study means of passively reducing the heat trapped in the
rban fabrics, it is as important to determine the unwanted side effects
f these mitigation technologies. 

This research has studied the effects of the implementation of SCMs
uring winter to determine the overcooling penalty at a city scale. All
he materials were tested against a CTRL in Kolkata tropical wet and
ry climate. The WRF-SLUCM model proved to simulate the city behav-
or accurately. The simulations results show that the implementation of
ifferent SCMs over the city of Kolkata led to a significant change in
he thermal balance and influenced the lower atmosphere, creating an
nversion layer at night. 

All the SCMs were able to reduce the net inflow radiation, the more
eflective and emissive the materials were, the more significant the drop
n heat fluxes was. The maximum decrease of sensible heat, latent heat
nd net radiation occurred at peak hour, the more reflective and emis-
ive scenario, SCMs-A, achieved mean values during the day of − 86.7
m 

− 2 , 18.1 Wm 

− 2 and 161 Wm 

− 2 , respectively. The SCMs had a very
igh impact on the decrease of the ambient, surface, roof and canopy,
emperatures, with mean values up to 2.8 °C, 4.7 °C, 10.2 °C and 6 °C,
espectively. 

Moreover, the resulting lower temperatures in the city can develop
n inversion layer, which could derive in nighttime heating effects due
o the expansion of stagnant air. 
c  

7 
otential ways to overcome the overcooling 

Passive radiative cooling devices present the highest potential to de-
rease the cooling needs of the built environment and counterbalance
rban warming [ 8 , 60 ]. Nevertheless, its application inevitably causes
he increase of heating demand in winter, especially in cold climates,
ffsetting some of the cooling benefits. Although the overcooling dur-
ng the winter in Kolkata was substantial, the penalty might be com-
ensated by refrigeration savings during the summer. Colder climates
ight need more stringent solutions to alleviate the overcooling effect.
o do so, SCMs might need to incorporate materials to adaptively con-
rol the optical properties, altering the heating or cooling power. This
ynamic modulation can be achieved by thermochromic materials [ 21 ,
4 ], electrochromic materials [28] , wet/dry chromism [36] , or optical
ratings [63] . 

With the emissivity changing with temperature, thermochromic ma-
erials, such as vanadium dioxide (VO 2 ), have been among the most
romising candidates as adaptive radiative coolers. VO 2 can sponta-
eously change from metal to insulator at 68 °C, and this transition
emperature is the closest to room temperature [61] . When applied to
adiative coolers, a detailed demonstration of its effectiveness was pre-
ented [61] . A thin film maintained an almost constant temperature;
t combined a radiative cooling film based on silicon monoxide and a
anadium dioxide thermochromic layer doped with tungsten [59] . The
hallenges for the synthesis of VO 2 are related to the coexistence of the
arious oxide forms and various polymorphs [18] . 

An asymmetric Fabry-Perot emitter was theoretically proposed with
 lossless dielectric spacer inserted between a VO 2 thin film and an
paque aluminum substrate [58] ; two differentiated behaviors were pre-
ented, the radiative power rose from 56 Wm 

− 2 at 341 K and to 365
m 

− 2 at 345 K. A multilayered device comprised of a vanadium dioxide
hin film on a silicon substrate with a gold back reflector, demonstrated
hat switching could reduce the thermal fluctuations by up to a factor
f two [40] . 

Similarly, the optical properties of electrochromic materials can
hange when energized by an electrical current. For example, when
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i 4 Ti 5 O 12 was lithiated to Li 7 Ti 15 O 12 , the broadband emissivity in in-
rared increased [35] . In addition, both solar heating and radiative cool-
ng under different daytime and nighttime skies were demonstrated. Un-
er sunlight, a large tunable temperature range (18 °C) and sub-ambient
round 4 °C can be attained. 

Wet/dry chromism of some porous polymer coatings (PPCs) can also
e used as an inexpensive paradigm for dynamic control of light and heat
s their solar and infrared transmittance can change once wetted by a
pecific liquid [36] . For example, white poly (vinylidene fluoride-co-
exafluoropropylene) (P(VdF-HFP)) PPCs become transparent if wetted
y fluids with a matched refractive index like isopropanol. Furthermore,
eing reversible, this transmittance modulation can be used for diurnal
r seasonal thermoregulation. 

The asymmetric electromagnetic transmission (AEMT) can be an-
ther potential modulator [63] . It permits outgoing radiative transmis-
ion but reflects incoming radiation of the same wavelengths. It was
nitially designed to limit the strong absorption of the additional heat
oad, thereby preventing the cooling capacity drops in a humid environ-
ent. If this material is turned upside down, it can be used in winter to
revent infrared emission but retain the absorption, facilitating the win-
er heating effect. However, this AEMT window has not been fabricated
nd experimentally tested. 

Overall, regardless of the specific modulating mechanism and tun-
bility, the cost of the manufacture and the feasibility of large-scale prac-
ical application remain the major challenge for the implementation of
odulation techniques to SCMs. 

onclusion 

Daytime radiative coolers or SCMs are among the most promising
eat mitigation strategies, especially for cities with heat islands. Al-
hough the success of these materials is currently caught up by scal-
bility, cost-effectiveness, and durability, they could play an essential
ole in aiding towards achieving thermal comfort during the cooling
emanding periods. However, besides SCMs development limitations,
hey present a drawback when applied as passive elements during the
eating seasons due to their overcooling potential. 

For the first time, this research has studied the overcooling penalty
f several SCMs scenarios during winter (heat demanding season) in the
MA. We simulated very efficient broadband SCMs, which can easily
e run by a mesoscale climate model for large-scale testing. The simu-
ations results revealed that there is substantial overcooling with SCMs
or tropical winter seasons. Thus, the following conclusions can be ob-
ained: 

a) The broad implementation of SCMs can lower the city temperatures
and decrease thermal comfort in winter. 

b) The overcooling penalty might be up to 186 Wm 

− 2 during the day-
time. 

c) In the most reflective scenario, the mean ambient temperature de-
crease was 2.8 °C and 1.5 °C during the day and night, respectively.

d) Reflective materials can change the lower atmosphere leading to in-
version phenomena, resulting in heating effects during winter nights.

Future work is ongoing to expand and generalize the results of the
ase studies discussed here to include a wide array of cases in different
limates, allowing a more substantial number of temperate-sector points
o be considered in cold season severe weather environments. More-
ver, the inclusion of modulation techniques such as the ones briefly
iscussed could reduce the unwanted overcooling penalty during the
inter months while benefiting from the mitigating effects during the

ummer months. 
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