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Optimizing retro-reflective surfaces to 
untrap radiation and cool cities

Xinjie Huang    1, Elie Bou-Zeid    1 , Ilaria Pigliautile    2,3, Anna Laura Pisello2,3 & 
Jyotirmoy Mandal    1

Extreme heat and its various impacts are a growing threat to cities and 
their residents, and it is increasingly clear that portfolios of solutions are 
needed to mitigate the resulting risks. Here we comprehensively evaluate 
and optimize the application of existing retro-reflective (RR) materials, 
which reflect incoming solar radiation back to the sky, on urban surfaces 
to cool them. Using detailed energy budget models, we show that RR walls 
and pavements decrease urban canyon surface temperatures by up to 
20 °C and canyon air temperatures by up to 2.6 °C, outperforming highly 
reflective surfaces, with a notable improvement in pedestrian thermal 
comfort (up to 0.55 °C and 153 W m−2 reductions in human skin temperature 
and net radiative gain, respectively). We then develop optimized RR design 
guidelines for diverse climatic conditions, latitudes, seasons and urban 
geometries. On the basis of our analysis, we recommend RR pavements 
for open, low-rise areas and propose specific RR wall design strategies for 
compact, high-rise areas.

Rapid urbanization replaces natural land covers with surfaces and 
structures that often have lower solar reflectance (albedo) and higher 
heat storage capacity, causing them to absorb and retain more solar 
energy. These environmental modifications profoundly alter surface 
energy and water budgets over urban terrains, ultimately affecting 
urban microclimatic conditions, with the urban heat island (UHI) 
phenomenon being the most well-known consequence. The UHI 
effect, manifested as higher air and surface temperatures in urban 
areas compared with those in adjacent non-urban areas1, exacerbates 
thermal stress especially during extreme heat events under global 
climate change. This synergistic interaction will result in surging 
heat-related morbidity and mortality in urban settings2,3. To curb the 
lethal urban overheating problem, numerous urban heat reduction 
strategies have been proposed, evaluated and implemented, including 
gray (for example, highly reflective (HR) roofs, photovoltaic surfaces, 
advanced air-conditioning systems), green (for example, lawns, trees, 
green roofs) and blue (for example, urban lakes, irrigation, misting) 
infrastructure.

HR surfaces, also known as reflective, cool and high-albedo sur-
faces, are some of the most extensively studied strategies and have 

been shown to be a promising and increasingly adopted approach4,5. 
As shown in the contrasting schematics of normal (Fig. 1a) and HR  
(Fig. 1b) surfaces, HR roofs feature high solar reflectance (albedo) that 
can raise the fraction of incident sunlight returned to outer space, thus 
reducing the amount absorbed by building surfaces. In recent years, HR 
roofs and pavements have been implemented in many cities around the 
world, for example, as part of the Global Cool Cities Alliance (https://
globalcoolcities.org/), and they are increasingly adopted in authorita-
tive building standards (for example, The American Society of Heating, 
Refrigerating and Air-Conditioning Engineers6) and large-scale govern-
mental campaigns (for example, Los Angeles7 and Phoenix8). Although 
proven to be generally beneficial, especially in roof applications in hot, 
low-rise, low-density urban areas, the façade and ground application 
of HR surfaces pose multiple problems, including glare and intense 
diffuse reflection of energy onto neighboring buildings, pavements 
and pedestrians. This can aggravate pedestrian-level thermal stress9,10. 
In addition, roof cooling by HR surfaces is useful at the city scale but 
may have only indirect and potentially weak influence on street-level 
and canyon conditions11, which are the most relevant for health and 
livability outcomes.
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Such a coupled model is required to provide a comprehensive 
assessment of RR cooling performance. Previous studies on RR surfaces 
have reported a wide range of urban reflectivity increases (3–36%)13,24,25, 
urban surface temperature reduction (−0.4 °C to −25 °C)26–28 and indoor 
air temperature reduction (−2.4 °C to −7.7 °C, using RR windows)29,30. 
The effectiveness of these RR benefits depends strongly on material 
types, surface selection, local climate and weather conditions, street 
geometries and orientations, among other factors. Thus, it is impera-
tive to comprehensively evaluate RR cooling performance across the 
whole parameter space, as well as link the benefits more directly to 
human thermal comfort. This will allow an optimized design strategy, 
which will be essential to ensure broader applicability and efficient 
implementation of this promising urban cooling technique.

To bridge the aforementioned gaps, we developed a new RR mod-
ule and embedded it in a comprehensive urban canopy model (UCM). 
UCMs are very broadly used urban land surface modeling frameworks 
in urban climate applications: they have been extensively used to simu-
late urban surface energy fluxes and meteorology at local, regional and 
global scales31–34. Specifically, the UCM used in this study was developed 
at Princeton University (PUCM)35–39. The PUCM represents a generic 
infinitely long two-dimensional street canyon as the basic urban surface 
unit, which consists of a roof, two facing walls and a ground surface. It 
has been successfully validated under various climates, demonstrating 
good predictive capabilities along with high computational efficiency. 
In addition, a human thermal comfort model has been recently cou-
pled into the PUCM: it dynamically resolves radiative, convective, 
conductive and evaporative heat exchanges between a pedestrian and 
their surrounding urban environment to more realistically represent 
human-level heat stress. Thus, the PUCM is well suited to assess the 
cascade of impacts of RR surfaces on street canyon air and surfaces 
and pedestrians in various urban densities and latitudes. The UCM 
framework, RR surface representation and numerical experiment 
design are described in Methods.

The roadmap of the whole study is shown in Supplementary  
Fig. 1. Using the PUCM-RR model, we first conduct a local evaluation 
of the impacts of RR walls and pavements on UHI abatement and  
human thermal comfort improvement, with a particular focus on 
investigating the significance of two key optical properties (that is, total  
and retro-reflectivity) for common RR material types. Next, we inves-
tigate the optimal implementation strategy of RR by testing different 
latitudes, seasons, street geometries and orientations, considering 
both solar radiation exposure levels across various geographic regions 
and solar radiation distribution schemes in diverse street configura-
tions. Through these approaches, we develop globally informative 
design guidelines for RR surfaces tailored to localized conditions, 
which can facilitate the effective implementation of RR materials to 
address the widespread urban overheating problem.

Results
Enhanced cooling with synergistic reflective benefits
The cooling effects of RR materials on urban canyon surface and air 
temperatures were assessed for diverse RR material types applied to 
urban façades and grounds. We first tested various combinations of 
total reflectivity and retro-reflectivity in their common ranges (0.3–0.9 
and 0–0.5, respectively) set based on three typical RR types. Here the 
total reflectivity α is the fraction of incoming shortwave radiation that 
is reflected in any direction (that is, albedo), while retro-reflectivity 
η is the fraction of the total reflected radiation that is directed in the 
same direction from which it came (the other fraction is assumed to 
be completely diffuse).

As presented in Supplementary Table 1, we tested normal 
walls + ground (baseline scenario), RR walls (that is, RR walls + normal 
ground; Fig. 2a,c) and RR grounds (that is, RR grounds + normal walls; 
Fig. 2b,d) separately. The cooling effects (ΔTW, ΔTG and ΔTcan for wall, 
ground and canyon air temperatures, respectively) were evaluated by 

To cool the canyon air and pedestrians therein, various UHI abate-
ment solutions and technologies have been proposed. These include 
retro-reflective (RR)12–14, thermochromic15,16 and radiative cooling17,18 
materials. Among these promising technologies, RR surfaces, which 
can reflect a fraction of the incoming sunlight directly back to its source 
(ideally) or at least upwards (imperfectly) (Fig. 1c), show great potential 
to overcome some of the disadvantages of HR surfaces and provide 
additional cooling benefits. RR materials are widely used in the trans-
portation industry with relatively mature manufacturing technology. 
Despite an increasing number of studies on their application to building 
surfaces, most previous experimental studies have focused on optical 
properties (for example, total reflectivity, retro-reflectivity and angular 
characteristics)19–21, and most previous modeling studies have focused 
on shortwave radiation analysis12,22,23. However, the dynamic coupling of 
RR surfaces and façades to a realistic urban microclimate model, which 
is critical for understanding their real-world benefits, remains lacking.
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comparing the RR wall or ground scenarios with the normal baseline 
scenarios. The scenarios were tested on a hot summer day (7 July) 
in 2010, with meteorological forcing (air temperature and relative 
humidity, wind speed above the canyon and incoming longwave radia-
tion; Supplementary Fig. 2) and urban settings based on Princeton, 
NJ, USA, with a canyon aspect ratio (building height/road width) of 1. 
For incoming shortwave, intermittent cloudiness creates trends that 
confound our analyses and are not useful or generalizable. Thus, we 
generated an idealized clear-sky solar radiation diurnal cycle as input 
(see Methods for details).

Figure 2a,b shows the maximum surface temperature reduc-
tions for RR walls (∆TW = ∆TW,RR − ∆TW,normal) and RR ground 
(∆TG = ∆TG,RR − ∆TG,normal), respectively. We found that RR walls can lead 
to a substantial wall surface cooling benefit of −0.4 °C to −8 °C, and RR 
ground results in an even greater surface cooling that is largely attrib-
uted to the high albedo (with minimal impact of retro-reflectivity). 
Figure 2c,d shows the maximum canyon air temperature reductions 
(∆Tcan = ∆Tcan,RR − ∆Tcan,normal) by RR walls and RR ground, respectively. In 
the test range, RR walls and ground both show an evident cooling effect 
by reducing urban canyon air temperatures by 0.1–3.5 °C (Fig. 2c) and 
0.3–2.7 °C (Fig. 2d), respectively. In Fig. 2, we also show three common 
types of RR material based on their reference optical properties: prism 
(α = 0.83, η = 0.44; ref. 40), capsule (α = 0.69, η = 0.19; refs. 41,42) and 
glass bead (α = 0.39, η = 0.19; ref. 19). Note that these reference values 
are based on test results from previous studies, while specific values in 
practice may vary with different manufacturing technologies and mate-
rial aging. The prism RR material yielded the best performance, result-
ing in a maximum reduction of −2.6 °C (applied on walls) and −2.5 °C 
(applied on the ground) in canyon air temperature. These reductions 

were −2.1 °C and −1.7 °C higher than the least effective type (glass bead). 
The superior reflectivity properties are associated with the wider 
effective reflective angle ranges of the prism structure due to multiple 
total internal reflections occurring within their corner cube geometry. 
Hereafter, we will mainly use the optimal type (that is, prism) to show 
the maximum potential cooling benefits of RR materials.

Multi-faceted UHI reduction
To unravel the contribution of each reflectivity to the total cooling 
effects and to contrast new RR surfaces with conventional HR materials, 
we compare the following three scenarios with the optical properties of 
the optimal RR type (prism): (1) highly RR, α = 0.83, η = 0.44; (2) highly 
diffuse reflective, α = 0.83, η = 0; and (3) normal, α = 0.25 for walls and 
α = 0.15 for ground, η = 0. Comparing scenarios 1 and 2, we can isolate 
the benefits of retro-reflectivity (green bars in Fig. 3a–c); while com-
paring scenarios 2 and 3, we can isolate the impacts of total reflectivity 
(that is, albedo, orange bars in Fig. 3a–c). The sum of the green and 
orange bars represents the combined effect comparing RR with normal 
surfaces, which are shown by lines in Fig. 3a–c. Figure 3a–c shows the 
diurnal profiles of these isolated cooling benefits on canyon air, RR 
surface and normal surface, with the top and bottom panels denoting 
the implementation of RR walls (that is, RR walls + normal ground) and 
RR ground (that is, RR ground + normal walls), respectively.

As shown in Fig. 3a, both RR walls and ground yield substantial 
cooling for canyon air during the daytime (06:00–20:00) with slight 
cooling (about −0.5 °C) extending into the nighttime due to a reduc-
tion in stored heat that is released from building materials. During 
the daytime, RR walls are most effective in the early morning (around 
08:00) and late afternoon (around 18:00) with low sun angles, while 
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RR ground is most effective at noon (12:00–16:00) when the sun hits 
the ground at near right angles.

Compared with HR surfaces, RR surfaces not only enhance daytime 
air temperature reduction but also mitigate the adverse effects of 
high reflection onto the opposite surfaces (which have a much lower 
overall albedo than the treated surface). As shown by the green bars in 
Fig. 3a–c, RR surfaces demonstrate manifold temperature reductions 
for the opposite surface (up to −3.3 °C, through the direct reduction 
of reflected radiation and feedback from reduced air temperature), 
the canyon air (up to −1.1 °C, comparing RR with HR surfaces, mainly 
through opposite surface–air interactions) and the RR surface itself 
(up to −1.6 °C, through reduced secondary reflection from the oppo-
site surface and air–RR surface interactions). By contrast, HR surfaces 
would result in unintended temperature increases (up to +3.7 °C) on the 
opposite surface, as presented by the orange bars in Fig. 3c.

Human thermal comfort enhancement
Direct assessment of human thermal comfort benefits is more informa-
tive for evaluating RR surfaces as a cooling strategy than relying solely 
on surface and air temperature reductions. PUCM-RR features the 
capability to capture changes in human thermal stress responses 

(represented as human skin temperature, Tskin) and energy exchanges  
(for example, net human radiation: the sum of net (incoming −  
outgoing) shortwave and longwave radiation, Rnh = SWin – SWout +  
LWin – LWout) induced by different urban environmental variations  
(see Methods for details). With PUCM-RR, we tested HR and RR 
walls and grounds, as well as their combination (walls + grounds), 
to compute the changes in human skin temperature (Tskin) and human 
radiation budget (∆Rnh = ∆Rnh,RR − ∆Rnh,HR). Figure 3d shows the results 
over a full diurnal cycle for the combination scenario (only-wall and 
only-ground scenarios are shown in Supplementary Fig. 3), while 
the maximum human skin temperature reduction for each scenario 
is shown in Fig. 3e.

As shown in Fig. 3d,e, RR surfaces improve pedestrian thermal 
comfort by reducing human skin temperatures by up to −0.55 °C 
compared with HR surfaces, especially during the hottest hours 
(10:00–16:00). By observing the diurnal profiles of human net radia-
tion changes (gray and yellow bars for longwave and shortwave, respec-
tively, in Fig. 3d), it is clear that shortwave radiation reduction (up to 
−138 W m−2) plays a dominant role in offsetting the higher reflection 
from the higher total albedo of RR material on pedestrians, and long-
wave radiation reduction (up to −15 W m−2) induced by urban surface 
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temperature reduction shows persistent but minor impacts over the 
diurnal cycle. Figure 3e shows that compared with HR surfaces, RR 
surfaces effectively alleviate the reflection-induced heat burden and 
reduce human skin temperatures below the upper threshold (37 °C) of 
the normal skin temperature range43 in all tested scenarios.

Efficient façade selection for different urban geometries
Urban geometry determines the detailed radiative exchanges and 
distribution among urban surfaces inside a street canyon, affecting 
the effectiveness of RR surface implementation. To facilitate optimal 
implementation of RR surfaces considering different street geometries, 
we tested both HR and RR materials implemented on walls, ground 
and their combination (walls + ground) in a wide range of aspect ratios 
from 0.5 to 5.0, with intervals of 0.5. The maximum RR and HR cooling 
effects of these ten scenarios are shown in Fig. 4.

Cooling performances of RR walls (Fig. 4a) and ground (Fig. 4b) 
rapidly surge and decay, respectively, at relatively low aspect ratios 
(from 0.5 to 3.0) and then tend to converge to constant values (−4 °C 
and −0.4 °C, respectively) at higher aspect ratios (where the buildings 
are much taller than the street width). Thus, the combination plan  
(Fig. 4c) shows a non-monotonic variation with aspect ratios: imple-
menting RR walls and ground together shows promising cooling per-
formance of 3.6–5.4 °C for all streets, with the most evident effect at 
low aspect ratios.

Figure 4a–c shows that RR surfaces outperform HR surfaces in 
all tested scenarios, and Fig. 4d further shows such outperformance 
using the differences between maximum cooling effects of these 
two materials (maximum ∆Tcan,RR − maximum ∆Tcan, HR). For all aspect 

ratios, the combined RR plan clearly surpasses the combined HR plan 
by 1.6–3.1 °C. If only one facet is to be retrofitted considering cost-
effectiveness, RR walls are particularly recommended for deep street 
canyons. For low-density or low-rise urban areas, RR walls and ground 
provide equivalent cooling benefits that only improve moderately 
on the performance of HR surfaces. In such cases, the lower-cost HR 
materials may be a sufficient alternative. Note that here we consider 
uniform building heights within the street canyon, while the cooling 
effects can be amplified if RR surfaces are implemented on the walls of 
taller buildings or the roofs of shorter buildings, leveraging the vari-
ability in urban building heights.

Strategic application under different solar radiation
Solar radiation incidence on a specific urban surface varies in space (for 
example, with latitude), in time (for example, season or time of day) 
and with local street geometry (for example, street orientations). To 
explore how to leverage RR cooling potentials considering different 
spatiotemporal solar radiation distribution, we tested normal and 
RR materials for different latitudes (for 75° N to 75° S with intervals 
of 15°), months (each 21st day for January to December) and street 
orientations (north–south, northeast–southwest, east–west and north-
west–southeast; see illustrations at the top in Fig. 5). To compare the 
cooling performance of RR surfaces across various climatic conditions, 
we present the maximum reduction in street canyon net shortwave 
radiation (Scan = hSW1 + hSW2 + wSG, where h and w are wall height and 
street width, respectively) by comparing RR scenarios with normal 
scenarios (that is, ∆Scan = Scan_RR − Scan_normal) in Fig. 5.

As shown in Fig. 5, RR ground is found to be always most effective 
for low-latitude regions, while RR wall performance highly depends 
on street orientations. RR ground causes a notable reduction (up to 
−240 W m−2) in the radiative budget of street canyons at noon, with a 
wider (from 60° N to 60° S) and narrower (from 30° N to 30° S) effec-
tive application range on north–south and east–west oriented streets, 
respectively. RR walls in north–south streets are basically beneficial for 
all latitudes and both hemispheres, with evident summertime cooling 
(up to −135 W m−2) and insignificant wintertime cooling, which is the 
ideal combination from thermal comfort and energy perspectives. By 
contrast, RR walls in east–west streets have a more complex impact. RR 
coatings on north-facing walls in the Northern Hemisphere and south-
facing ones in the Southern Hemisphere have a very weak impact on the 
radiative balance of the canyon. The opposite walls (south-facing in the 
Northern Hemisphere and north-facing in the Southern Hemisphere) 
provide cooling benefits at high latitudes, but the benefits decrease 
more quickly (and the unintended wintertime cooling increases) at 
mid-latitudes in that hemisphere. In addition, northeast–southwest 
and northwest–southeast streets show combined spatiotemporal 
features of the other two orientations. These two diagonal streets 
show similar maximum canyon shortwave radiation reductions  
(but at different times) due to symmetrical paths of the Sun.

Global generalized design guidelines
To better enable real-world deployment across cities worldwide, it 
would be more pragmatic to apply RR materials to specific urban sur-
faces rather than attempting to cover all facets of an entire city. There-
fore, optimal selection of the most effective RR surface is of practical 
importance. Combining global spatiotemporal solar radiation distribu-
tion and various local street geometries, we aim to propose worldwide 
generalized design guidelines for more effective and efficient RR sur-
face implementation. In this section, we replicated the simulations in 
the previous section, which used the baseline aspect ratio of 1, for the 
other three typical aspect ratios: 0.5, 2 and 5.

For the optimization, we used the “maximum canyon shortwave 
radiation reduction” (that is, maximum ∆Scan) in summer (represent-
ative days: 21 June, July and August for the Northern Hemisphere;  
21 December, January and February for the Southern Hemisphere) 
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to identify the most effective RR surface. This optimization criterion 
directly measures the amount of untrapped radiation by RR surfaces 
and can be further transferred to many specific heat-related applica-
tions (for example, energy, temperature, comfort) by local researchers 
and practitioners. The single most effective RR surface with greater 
than 10% difference relative to other surfaces is shown in Fig. 6 with 
different colors, while multiple most effective RR surfaces are also 
denoted if insignificant differences (that is, lower than 10%) were found 
among them.

As shown in Fig. 6, the identification of the most effective RR sur-
faces is highly dependent on street orientation. North–south streets 
(Fig. 6a) present the simplest case: the most effective RR surface shifts 
predominantly according to urban geometries. The ground and walls 
are clearly favored for low and high aspect ratios, respectively, with neg-
ligible differences between the two walls. For east–west and diagonal 
streets (Fig. 6b,c), the sun path in the sky leads to more complicated 
results, with the shifting of the most effective RR surfaces at different 
latitudes. At low aspect ratios (for example, 0.5), the ground is domi-
nantly preferred at all latitudes; with the increase in aspect ratios (for 
example, at 1 and 2), wall 1 (south-facing) and wall 2 (north-facing) 
become more advantageous at high latitudes for the Northern and 
Southern hemispheres, respectively. At the highest aspect ratio of 5, 
high and low latitudes show different optimization results. For exam-
ple, in the Northern Hemisphere, south-facing (wall 1) and north-facing 
(wall 2) are preferred for high and low latitudes, respectively, due to 

different sun paths. These results for low latitudes are due to the fact 
that strong insolation of the wall occurs during only the early morn-
ing and late afternoon when the sun angle in the sky is low, and the 
sun path is such that the insolated walls at those times are the north- 
facing and south-facing ones in the Northern and Southern hemi-
spheres, respectively.

Discussion
We proposed the application of technologically mature RR materials 
over urban surfaces to tackle the urban overheating challenge by miti-
gating one of the main drivers of UHI effects: the geometric trapping 
of radiation in complex and dense urban canopies. Our results quan-
tified the great potential of RR surfaces to provide enhanced cooling 
benefits and counteract some deficits of traditional HR materials and 
emphasized the importance of appropriate RR type selection for urban 
cooling. We revealed that implementing the most effective RR material 
(prism) on walls and ground decreases urban canyon air temperatures 
by up to 2.6 °C and 2.5 °C, respectively, and contributes to multi-faceted 
cooling benefits for other surfaces (up to −3.3 °C) and pedestrians 
(up to −0.55 °C in skin temperature and −153 W m−2 in net radiation 
compared with HR surfaces).

To facilitate the effective and efficient implementation of RR 
surfaces, we developed optimal design guidelines for cities world-
wide, considering diverse street geometries (for example, aspect 
ratios and street orientations) and climatic conditions (for example,  
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latitudinal and seasonal solar radiation variation). We found that RR 
surfaces outperform HR surfaces, especially in deep street canyons, 
with up to 3.1 °C additional canyon air temperature reduction. If only 
one urban facet is to be retrofitted considering cost-effectiveness, RR 
grounds are generally recommended for low-rise, low-density areas, 
especially at low latitudes, while RR walls become more effective with 
increasing latitude or canyon aspect ratio that represent high-rise, high-
density areas. Synthesizing the above research findings, we provided 
an optimization matrix to illustrate the most effective RR surface for 
alleviating summertime extreme heat for global cities across latitudes 
and urban densities.

From evaluation to optimization, this study bridges the gaps 
between the innovative cooling concept of RR surfaces and the detailed 
practical blueprints needed for implementation, providing world-
wide generalized design guidelines with informed cooling benefits as 
important references for material engineers, building designers, urban 
planners and policymakers. With greater applicability in diverse urban 
forms and superior cooling performances across latitudes, not only are 
RR surfaces an important improvement over HR surfaces but also they 
will be an indispensable element of the multi-technology cooling port-
folios needed to tackle the exacerbating urban overheating problem.

It should be noted that the findings outlined in this paper are 
based on numerical simulations; translation to the real world will thus 
need to consider some uncertainties and caveats. For example, the 
present results represent an infinitely long canyon fully converted to 
RR surfaces; therefore, surface cooling will be moderately weaker and 
air cooling evidently weaker if only a section of a canyon is converted 
to an RR surface. Another factor to consider is cloud cover; since one 
of our primary research focuses is to mitigate extreme heat in sun-
drenched cities, which are the most suitable application scenarios for 
RR surfaces, we used clear-sky radiation at all latitudes and focused on 
summer days in various analyses. The cooling potentials of RR surfaces 
would definitely be reduced during overcast periods and in cities. Thus, 
applying the model to a specific city with its specific meteorological 
conditions and urban morphology is needed to reduce uncertainty in 
the benefits of RR application for that specific location.

For future research, additional field observations are needed 
to better characterize the real-world benefits of RR façades. From 
a modeling perspective, a more comprehensive representation of 
angular distributions for various RR material types20,21,23,44,45 could be 
incorporated into the existing model. This would allow a more nuanced 

assessment and modulation of the temporal patterns of their cooling 
effects: retro-reflectivity can be adjusted according to different inci-
dent angles and microscale structures to produce diurnally varying 
and seasonally varying retro-reflectivity profiles. For example, retro-
reflectivity can peak in summer22 and at noon45 and diminish in winter 
and at night. Such patterns can potentially maximize cooling benefits 
during hotter periods and minimize cooling penalties during colder 
periods. Another useful extension of this research is to couple the 
PUCM to an atmospheric model38,46,47 to evaluate the benefits of vari-
able scales of implementation of RR façades over a city. Such coupling 
will allow the simulations to capture the feedback on air temperature 
above the canyon, which would boost the cooling benefits reported 
here for large-scale RR implementation. Lastly, the visual comfort 
benefits of RR surfaces, compared with HR ones, are essential but were 
not quantified in this study. The reduction in glare to pedestrians and 
drivers in the street canyon could also be evaluated when RR applica-
tions in cities are being considered.

Methods
Urban canopy model
The UCM framework is one of the most widely used land surface models 
for parameterizing surface–atmosphere exchanges of energy and water 
to reproduce micrometeorological conditions over built terrain, for 
example, in between buildings at the pedestrian level. Adopting the 
most common “big canyon” representation, the PUCM used in this 
study consists of two distinct facing walls, a ground and a roof. The 
PUCM considers radiative, turbulent and conductive energy exchanges 
among the facets and the air in or above the canyon. A unique feature 
of the PUCM is its ability to represent subfacet heterogeneity, such as 
grounds composed of a mix of asphalt, concrete and grass surfaces. 
The PUCM reproduces the heat fluxes and temperatures of each urban 
surface based on an urban surface energy budget (equation (1)) applied 
over an infinitesimally thin interface:

R = H + LE + G (1)

where R is the net all-wave radiation resolved by a two-reflection model, 
detailed in the following section; H and LE are turbulent sensible and 
latent heat fluxes, respectively, both parameterized by a resistance 
method48 and the Monin–Obukhov similarity theory49 considering 
canyon air heat capacity; G is the conductive heat flux resolved with 
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an analytical heat transfer approach using Green’s function50. A bulk 
energy budget model is also applied to the canyon air, which has ther-
mal mass and exchanges heat with the canyon facets and the air aloft 
(and is also potentially heated by anthropogenic sources). Here we 
underline that the canyon air temperature computed by the UCM is 
that of the air layers adjacent to the surfaces, and the cooling of the full 
air mass inside the canyon will be lower than the reported reductions. 
The PUCM has been successfully validated in various climates and 
seasons, showing robust capabilities to predict micrometeorological 
changes (for example, street canyon air temperature, Tcan) induced by 
urban surface modification35–37,46,51,52.

Furthermore, a human thermo-physiological model has been 
developed and coupled with the PUCM. It can predict human ther-
mal comfort (represented by human skin temperature, Tskin) largely 
controlled by radiative shading and trapping (represented by net 
human radiation, Rnh) within detailed street canyon configurations51. 
The human model resolves the radiative, convective, conductive and 
evaporative heat exchanges between human bodies and surrounding 
environments by representing the body as a single mass cylinder with 
an outer skin interface that has negligible thermal inertia. For the skin 
surface, the governing energy balance equation is given as follows:

Rnh + Ch + Eh + Kh = 0 (2)

where Rnh is the net human radiation, which is the sum of net (that is, 
incoming − outgoing) shortwave and longwave radiation from human 
bodies, given by Rnh = SWin − SWout + LWin − LWout; Ch and Eh are convec-
tive and evaporative heat exchanges, respectively, between human 
bodies and surrounding environments. Kh is the conductive exchange 
between the skin and the interior of the body, which is simulated as two 
thermal masses, an outer and a core one, with a thermal energy budget 
and accounting for metabolic heat generation in the core. The calcula-
tion method for each term has been detailed in our previous work51. 
Human skin temperature (Tskin) is calculated based on this equation 
(as a fourth-order polynomial for Tskin) and used to represent human 
thermal comfort levels in this study.

The PUCM can be coupled with an atmospheric model, such as 
WRF38,46,47, or used “offline” driven by atmospheric observations or 
inputs. Offline applications, as used in this study, offer the ability to 
simulate various local environmental settings with low computational 
demands, allowing better analyses of problems with large parameter 
spaces for studying urban microclimatic responses to building sur-
face changes. Thus, in this study, we choose the offline application of 
the UCM to investigate the impacts of RR surfaces in different street 
geometries and climatic conditions, leaving the possibility to further 
explore their broader impacts, considering regional land-use land-
cover patterns, by coupling the developed PUCM-RR with meso- or 
global-scale atmospheric models in future studies.

Retro-reflective surface simulation
On the basis of the above-described PUCM, we developed a new radia-
tion module that incorporates the effects of RR materials on the exist-
ing two-reflection radiation framework. In the previous PUCM, we 
solved radiative energy distribution and redistribution by considering 
two reflections between urban facets, assuming all urban surfaces to 
be Lambertian, that is, with isotropic scattering and reflection (Fig. 1a). 
To parametrize the RR feature, we need to incorporate and modify two 
important optical properties: total reflectivity and retro-reflectivity. 
The total reflectivity (α), also known as albedo, represents the ratio of 
reflected solar radiation to the total incoming solar radiation. Retro-
reflectivity (η) represents the ratio of radiation reflected back at the 
same incident angle to the total reflected radiation, while the other 
fraction of radiation is assumed to be perfectly diffusely reflected. 
With a total incoming solar radiation of S↓, an RR surface will absorb 
(1 − α)S↓, retro-reflect αηS↓ and diffusively reflect α(1 − η)S↓ (see Fig. 1c  

for schematic illustration). Note that in this study we adopt experi-
mental reflectivity values for three common RR types from a review 
article30 synthesizing 61 RR-related publications. RR surfaces do not 
retro-reflect all radiation in the same incident direction, but rather 
there is some variability in the exact retro-reflection angle, which we 
do not consider here. The detailed directional characteristics of the RR 
material we use have been parameterized in the bulk retro-reflectivity 
(η) based on these previous studies but not represented in detail. From 
the PUCM perspective, the exact retro-reflection angle is not crucial, 
and we mainly need to know the bulk fraction reflected to the sky (η) 
versus other urban facets.

To resolve shortwave radiation distribution among different urban 
surfaces, we first calculate direct and diffuse solar radiation distribu-
tion based on normalized shadow length and view factors, respectively. 
The total sky solar radiation, without considering any reflections for 
walls and ground, is given, respectively, as follows:

S0W = Sd lshadow
2h

+ Sq FWS
AW

(3)

S0G = Sd w − lshadow
w + Sq FGSAG

(4)

where S0i  is the sum of direct and diffuse shortwave radiation on  
surface i from the sky, excluding any reflections, with subscripts W and 
G denoting walls and ground, respectively; Sd and Sq are direct and 
diffuse solar radiation (meteorological forcing), respectively; h, w and 
lshadow are wall height, street width and shadow length normalized by 
the sum of street width and roof width, respectively48,53; Fij is the view 
factor to surface i from surface j; Ai is the area of surface i relative to the 
canyon width.

Then, we consider radiation reflection up to two times inside the 
street canyon (all incident radiation is assumed to be absorbed in the 
third façade it impinges on). For walls and ground, we can calculate 
their net shortwave radiation as follows:

Sneti = (1 − αi)S0i

+(1 − αi)
2
∑
j
αj(1 − ηj)S0j

Aj

Ai
Fji

+
2
∑
j
αj(1 − ηj)S0j

2
∑
k

Aj

Ak
Fjkαk

Ak

Ai
Fki

(5)

where Sneti  is the net shortwave radiation of surface i; αi is the solar 
reflectivity (albedo) of surface i; ηj is the retro-reflectivity of surface j. 
The second line in equation (5) represents the first reflection, and the 
third line represents the second reflection. Note that for roofs, the 
shortwave radiation is resolved with one reflection that is not directly 
relevant to reflection properties inside the street canyon, that is, 
SR = (1 − αR)(Sd + Sq). By contrast, RR roofs would not alter the canyon 
energy budget in a uniform urban area and are not studied here.

For an RR surface i, (1 − αi) represents the fraction of shortwave 
radiation absorbed by the RR surface, while αi (1 − ηi) represents the 
fraction of shortwave radiation reflected to the street canyon, with the 
other fraction (αi ηi) retro-reflected back to the radiation source (mostly 
back to the sky). Note that in the two-reflection model, retro-reflectivity 
(ηj) is always multiplied by view factors (Fji, Fjk, Fki) to reproduce different 
responses of in-canyon radiation exchanges to RR surface application 
under various urban dimensions and RR surface selection. Since the 
PUCM has been extensively validated before, and the RR radiation 
calculations proceed from first principles (energy conservation) given 
the imposed optical properties, there is no need for validating PUCM-
RR, and there are, in fact, no datasets available for such validation at 
present. In addition, the longwave radiation properties of most RR 
materials are not much different from traditional materials, which 
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are broadband omnidirectional emitters, because these RR materi-
als are usually inorganic dielectrics. Depending on the design, the 
exterior surface (for example, prism layer without any additional coat-
ing) can have low emissivity, which would then lead to longwave trap-
ping. However, this possibility is not considered in our study since, as 
shown in Fig. 3, the indirect longwave radiation effect is much smaller 
than the direct shortwave untrapping. Thus, the longwave radiation 
calculation method (similarly using the two-reflection model36,53) 
remains unchanged, but the longwave radiation budget of each urban 
facet would be altered as a secondary impact considering reduced  
surface temperatures.

Numerical experiment design
As the use of RR material on building surfaces is a novel practice with 
limited documentation of UHI abatement effectiveness, we first evalu-
ated its cooling effects with different total and retro-reflectivity, con-
sidering common RR material types implemented on walls and ground, 
and then further applied RR surfaces in various urban configurations 
(for example, different street geometries and orientations) and climatic 
conditions (for example, different latitudes and seasons) to explore 
their climate applicability and localized optimization.

The PUCM was driven by meteorological forcing data measured 
by a rooftop eddy-covariance tower during 2010–2011 on the Prince-
ton University Campus in Princeton, NJ, USA35,37. The simulation was 
conducted to explore the hottest day (7 July 2010) during the 1-year 
meteorological measurement, with a 3-day spin-up period to provide 
realistic initial conditions and allow the walls and grounds to equili-
brate. The important meteorological forcing, including atmospheric 
temperature, relative humidity, wind speed and downwelling short-
wave radiation during the 4 days, is shown in Supplementary Fig. 2. 
As shown in Supplementary Fig. 2, these 4 days (4–7 July) are all hot 
and sunny, with a maximum air temperature of 39 °C at 16:00 on  
7 July. The meteorological conditions are generally representative of 
extremely hot conditions with high air temperature, high air humidity 
and low wind speed. The shortwave radiation forcing shows fluctua-
tions during the tested day due to intermittent clouds. Thus, in the 
simulation, we adopted an ideal clear-sky diurnal profile of solar 
radiation mainly based on Julian day and solar zenith angles54 to more 
clearly observe the maximum cooling performance of RR surfaces 
by removing these confounding cloud impacts. Note that for the 
global solar radiation analysis, we only use the latitudinal, seasonal 
and diurnal information to generate ideal clear-sky solar radiation 
profiles for driving the UCM radiation module, so the tested street 
canyon shortwave radiation (Scan) is independent of differences in air 
temperature, humidity, wind, cloudiness and other meteorological 
factors among cities worldwide.

To evaluate the cooling benefits of RR material compared with 
normal material, we first set up a baseline scenario with normal  
(Lambertian) walls and ground with their typical albedos (0.25 and 
0.15, respectively55). Other model input parameters, for example, lati-
tude, canyon dimension and canyon orientation, were first set based 
on the local meteorological measurements (that is, at Princeton) in 
the baseline scenario and then modified to explore their individual 
impacts on RR cooling performance. Environmental properties and RR 
material properties for each scenario are presented in Supplementary 
Table 1, and other model parameters that are not explicitly addressed 
herein are identical to those described in ref. 35. As detailed in Sup-
plementary Table 1, we use one representative wall energy budget for 
all simulations on 7 July and use two separate wall energy budgets to 
consider the optimal selection between different wall orientations in 
all other simulations.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
The simulation data for this study are available in the open-access 
Zenodo repository56 at https://doi.org/10.5281/zenodo.10638146.

Code availability
The core MATLAB codes used for incorporating retro-reflectivity 
in shortwave radiation can be accessed via the open-access Zenodo 
repository56 at https://doi.org/10.5281/zenodo.10638146. The whole 
UCM codes used in this study are available upon request from the cor-
responding author or X.H. (e-mail: xjhuang@princeton.edu).
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Study description This study employs the Princeton Urban Canopy Model (PUCM) to examine the effects of retro-reflective (RR) surfaces on urban 
microclimate and assesses their cooling impact in different urban configurations and climatic conditions.

Research sample The research sample consists of data collected from meteorological measurements taken at Princeton University Campus in 
2010-2011, primarily focusing on the hottest day (July 7th, 2010) to investigate the worst case, i.e., highest heat stress. The 
simulation has a three-day spin-up period to provide realistic initial conditions and allow the walls and grounds to equilibrate. 

Sampling strategy The PUCM was driven by meteorological forcing data measured by a rooftop eddy-covariance tower during 2010-2011 on the 
Princeton University Campus, NJ, U.S.. The simulation was conducted to explore the hottest day (July 7th, 2010) during the one-year 
meteorological measurement.

Data collection Data is collected from a rooftop eddy-covariance tower and includes atmospheric temperature, relative humidity, wind speed, and 
downwelling shortwave radiation during the four-day period.

Timing and spatial scale The study examines meteorological conditions on a hot period (July 4-7th, 2010) and considers variations in latitudinal, seasonal, and 
diurnal factors to evaluate RR surface performance within different street canyon settings.

Data exclusions No data is excluded from this study, except for data during three spin-up days as they are to equilibrate initial conditions and not 
been studied. 

Reproducibility The numerical experiments can be reproduced with the same input data and same PUCM codes. 

Randomization Randomization is not relevant to our study as we conducted numerical experiments and then analyzed all the data, instead of using a 
statistical analysis method. 
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