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Introduction: Growing remote sensing and machine learning capabilities offer opportunities to understand the spatiotemporal performance of reflective cool roofs, a widely implemented urban heat mitigation tool, in relation to health. We evaluated cool roof solar reflectivity trends across NYC and in heat-vulnerable communities.

Methods: In this retrospective, longitudinal study, we used satellite-derived cool roof data aggregated to census blocks over 2014–2020. Roofs with a solar reflectivity value ≥ 65 in 2014 were defined as cool roofs with sufficient albedo. Cool roofs with subsequent reflectivity < 65 were considered degraded. We descriptively calculated the cumulative proportion of census blocks that experienced degradation across NYC and in low vs. high heat-vulnerable areas defined by the NYC heat vulnerability index.

Results: Of 18,565 census blocks with at least one building with a cool roof installed and an average cool roof reflectivity ≥ 65 in 2014, 24.56% experienced degradation by 2020. A greater proportion of census blocks experienced degradation by 2020 in low (27.03%) vs. high (21.20%) heat-vulnerable areas. The largest proportion of total, census block-level cool roof degradation occurred between 2014 and 2016 (57.39%).

Discussion: We found strong evidence of cool roof degradation across NYC, which has important implications for future health-based evaluations. Interestingly, a larger proportion of census blocks experienced cool roof degradation in low compared to high-heat vulnerable areas, potentially highlighting the effectiveness of community-led environmental justice initiatives. Municipal maintenance initiatives are needed to ensure the urban heat mitigation potential of cool roofs is sustained.
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Introduction

Increasingly frequent and intense extreme heat events are a growing threat to health and health equity. In the United States (U. S.), heat-related age-adjusted mortality rates have risen by 17% since 2016 (Howard et al., 2024). Non-Hispanic American Indian/Alaska Native and Non-Hispanic Black populations have disproportionately experienced the highest rates of heat-related deaths compared to other racial and ethnic communities in the U. S. (Vaidyanathan, 2020).

Urban communities are particularly vulnerable to extreme heat exposure, with higher rates of extreme heat-driven mortality observed in urban compared to rural areas (Madrigano et al., 2015). Higher heat vulnerability in urban communities is driven, in part, by the urban heat island (UHI) effect, where cities are warmer than surrounding suburban and rural communities due to having less green infrastructure and a higher density of surfaces with low solar reflectivity (termed low albedo). Low-albedo surfaces (e.g., roads, dark-colored buildings) absorb and re-emit solar energy as heat. Conversely, high-albedo surfaces (e.g., light-colored surfaces) reflect solar energy back into the atmosphere, resulting in reflective cooling.

Within a given city, disproportionate exposure to the UHI effect has been observed in communities with a higher proportion of racial and ethnic minoritized populations and low-income households (Hsu et al., 2021). The higher intraurban concentration of low albedo surfaces and vegetation in these neighborhoods, often termed environmental justice communities, is, in part, a result of historical and ongoing disinvestment (e.g., exclusionary zoning, redlining), and strongly correlates with disparities in health and life expectancy (Benz and Burney, 2021; Locke et al., 2021). Therefore, the growing effect of UHIs in a warming climate risks further exacerbating wide and long-standing health inequities.

In response, a growing number of urban municipalities are implementing infrastructural interventions to mitigate the UHI effect, especially in environmental justice communities. In dense cities, like New York City (NYC), roofs comprise a large percentage of land surface area, and, therefore, are a target for UHI mitigation initiatives. Roofing interventions that have been shown to mitigate the UHI effect include photovoltaic solar panel roofs, green roofs, and cool roofs. Cool roofs, which promote reflective cooling through high roof surface albedo, have been demonstrated to be more effective in mitigating the UHI effect than alternative options, and are highly utilized in various municipal UHI reduction programs due to their relative affordability and scalability (Tan et al., 2023; Li et al., 2014; Treglia et al., 2022). Prior studies have demonstrated co-benefits of cool roof installation, including prolonged roof surface and HVAC unit lifespans, reduced building energy consumption, and reduced individual reliance on energy-dependent cooling resources (e.g., air conditioning). However, cool roofs have been demonstrated to degrade with time due to environmental conditions, such as dust and pollutant accumulations and material surface wear-and-tear, which reduces their surface albedo (Chen and Lu, 2020; Aggarwal and Molleti, 2024).

Numerous studies have examined the impact of high-albedo building materials on measures of human thermal comfort. Some have shown that high-albedo surfaces installed on building walls or other structures adjacent to urban streets can increase mean radiant temperature and glare, thereby reducing pedestrian comfort (Lopez-Cabeza et al., 2022; Yi et al., 2025; Salata et al., 2015). In contrast, studies focused specifically on cool roofs—which pose less risk of radiating heat toward pedestrian areas—have generally found a net positive effect on human thermal comfort (Wang et al., 2023; Baniassadi et al., 2018).

To our knowledge, only four studies have evaluated the relationship between cool roof installation and heat-related health outcomes (Bunker et al., 2024; Macintyre and Heaviside, 2019; He et al., 2020; Simpson et al., 2024). In these studies, cool roof exposure is often simulated at the city level and defined in binary terms, rarely accounting for potential spatiotemporal variability of cool roof temperature effects due to factors such as surface albedo degradation or structural disinvestment. In Macintyre and Heaviside’s 2019 study, cool roof effects on mortality were simulated by assigning a roof surface albedo of 0.70 to building roofs across the West Midlands, UK (Macintyre and Heaviside, 2019). This value was chosen to represent the fact that higher albedo cool roofs are achievable but degrade with time. In He et al.’s study, cool roof mortality impacts were simulated based on an uniform application of 0.88 albedo on all roofs in urban areas in New England, while Simpson et al.’s study simulated cool roof mortality impacts using a uniform application of 0.85 surface albedo on all roof surfaces in London (He et al., 2020; Simpson et al., 2024). The majority of these studies estimate the impact of cool roof installation on heat-specific mortality (e.g., heatstroke) by using published exposure-response coefficients to estimate mortality risks as a function of cool roof temperature changes. In doing so, these studies have demonstrated cool roof-derived offsets in heat-specific mortality ranging from 17 to 249 deaths during summer months.

With the growing application of advanced remote sensing methods with machine and deep learning techniques, observational, building-level cool roof datasets are being created, paralleling the proliferation of high-resolution, geospatial environmental datasets (Cool Roofs in a Warm City, 2023; Yi et al., 2025; Park et al., 2024; Song and Chen, 2025). Such built-environment datasets can be joined to administrative health data (e.g., claims and electronic health record databases) at scale and across time, allowing for epidemiological health outcome evaluations of built-environment exposures and interventions (Titus et al., 2025). This is important, as environmental epidemiological studies have demonstrated the vast underestimation of extreme heat-related health impacts when solely relying on measures of heat-specific mortality, without considering other etiologies of extreme heat mortality (e.g., exacerbation of chronic conditions) and morbidity (Longden, 2025; Bobb et al., 2014). The ability to leverage large administrative health datasets, therefore, offers an opportunity to comprehensively examine the potential health benefits of cool roofs on a wide array of health outcomes beyond heat-specific mortality (e.g., heatstroke). When evaluating the health impacts of built-environmental factors, understanding and accounting for potential spatiotemporal variability in exposure characteristics is important for accurate treatment effect estimation and causal inference (South et al., 2021; South et al., 2018). Given that cool roofs primarily mitigate the UHI effect through reflective cooling, geographically patterned and time-dependent changes in the solar reflectivity (albedo) of installed cool roofs are an important consideration for experimental evaluations of their heat-health impacts.

We aimed to evaluate cool roof surface albedo trends across NYC and in intra-urban environmental justice communities. In doing so, we hoped to elucidate potential time-and space-varying aspects of NYC cool roofs, which could inform future epidemiological evaluations of the effects of cool roofs on health outcomes and intermediary drivers of health (e.g., energy consumption). We hypothesized that cool roof albedo would degrade across NYC over time.

Prior studies have demonstrated associations between structural disinvestment, such as redlining, and markers of poor housing maintenance, such as relevant housing code violations (Swope et al., 2025; Lynch et al., 2021; Milletich et al., 2025). Therefore, we hypothesized that cool roofs may degrade more quickly in heat-vulnerable, environmental justice communities compared to neighboring NYC communities.



Methods


Exposure

We obtained cool roofs data aggregated to NYC census blocks every 2 years between 2014 and 2020 from the NYC Cool Roofs Dashboard NEW (2025) and Cool Roofs in a Warm City (2023). The Dashboard’s cool roof dataset was created by combining earth observation products from cloud-free Landsat 8 images and New York State orthoimagery (Landsat Science Products | U.S. Geological Survey, 2023; Orthoimagery. gis, 2025). Landsat shortwave albedo was calculated to determine roof solar reflectivity with four bands from the New York State orthoimages (Red, Green, Blue, and Infra-Red) using Ban-Wiess’s remote sensing method and validated with Liang’s method (Ban-Weiss et al., 2015; Liang, 2001). This resulted in census block-level measures of average roof reflectivity on a 0–100 scale, with 100 being a maximally bright roof and 0 being a minimally bright (e.g., dark) roof. Our measure of roof reflectivity aligns with the aforementioned data sources inherent to the Dashboard, and is highly correlated with the standard Solar Reflectivity Index (SRI). Figure 1 provides an example of our calculated reflectivity for a representative range of NYC roof surfaces. In our dataset, we determined that roofs covered with asphalt or dark materials had reflectivity values less than 40, while roofs covered with cool roof materials tended to have reflectivity values of 60 and above. Flohr et al. provide additional details of the data processing that was performed to create the study dataset (Flohr et al., 2023).

[image: A series of aerial views depicting rooftops with surface solar reflectivity values numbered sequentially from 82 to 29. Each rooftop displays distinct rooftop features and layouts, with numbers prominently marked in the center of each section.]

FIGURE 1
 A representative sample of calculated reflectivity values for roof surfaces across New York City. Data source: New York City Cool Roofs Dashboard (NYC Cool Roofs Dashboard NEW, 2023; Cool Roofs in a Warm City, 2023).




Outcome

Our study outcome of interest was the degradation of installed cool roofs in NYC during the study period. In building standards such as LEED V4, SRI greater than 64 is the minimum solar reflectance standard threshold for cool roofs (LEED Certification. Cool Roof Rating Council, n.d.). Therefore, roof surfaces with a reflectivity value of 65 or greater were defined as sufficiently bright cool roofs. Cool roofs with a reflectivity value below 65 were insufficiently bright roofs, representing degradation.



Statistical analysis

Our study sample included NYC census blocks with at least one cool roof installed and an average cool roof reflectivity ≥ 65 in 2014. We used descriptive statistics to evaluate cumulative census block-level average cool roof reflectivity degradation in all included census blocks, and comparatively between census blocks with low heat vulnerability and high heat vulnerability. The NYC heat vulnerability index (HVI) was used to determine the vulnerability of census blocks. The NYC HVI scores neighborhoods based on quintiles from 1 (lowest risk) to 5 (highest risk) derived from the statistical modeling of factors determined to be highly associated with mortality during and immediately following extreme heat events: average surface temperature, percent vegetation cover, percent of households reporting air conditioning access, the percent of residents reported as non-Hispanic/Latino and Black, and median household income (Interactive Heat Vulnerability Index, n.d.). Census blocks with a NYC HVI score of 1–3 were defined as low heat vulnerable, and census blocks with a NYC HVI score of 4–5 were defined as high heat vulnerable, representing environmental justice communities (Madrigano et al., 2015). Success was defined as a census block experiencing no to minimal cool roof degradation through the study period (average roof reflectivity ≥ 65), and failure was defined as a census block experiencing cool roof degradation (average roof reflectivity < 65). Descriptive study analyses were performed using StataNow/SE 19.5 and ArcGIS Pro 3.3.1 (copyright (c) 2024 Esri Inc.) licensed software.




Results

In 2014, 18,565 census blocks had an average cool roof reflectivity value ≥ 65 and were included in our sample. Of these census blocks, 10,719 were in low heat-vulnerable areas (57.74%) and 7,846 (42.26%) were in high heat-vulnerable areas.

Our descriptive cumulative degradation analysis is demonstrated in Figure 2. In total, 4,560 (24.56%) census blocks experienced degradation of average cool roof reflectivity by 2020. Low heat vulnerable areas (2,897, 27.03%) had a higher proportion of census blocks that experienced cool roof degradation than high heat vulnerable areas (1,663, 21.20%). Of the 4,560 census blocks that experienced degradation, 2,617 (57.39%) degraded between 2014 and 2016, 1,297 (28.44%) between 2016 and 2018, and 646 (14.17%) between 2018 and 2020. In low heat vulnerable areas, 1,722 (59.44%) census blocks experienced cool roof degradation between 2014 and 2016, 809 (27.93%) between 2016 and 2018, and 366 (12.63%) between 2018 and 2020. In high heat vulnerable areas, 895 (53.82%) census blocks experienced cool roof degradation between 2014 and 2016, 488 (29.34%) between 2016 and 2018, and 280 (16.84%) between 2018 and 2020. Figure 3 demonstrates the geographic distribution of cool roof degradation trends in census blocks included in our analysis across NYC. The geographic distribution of HVI scores for all included census blocks can be found in Supplementary Figure S1.
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FIGURE 2
 Temporal trends in the cumulative proportion of census blocks with degraded cool roofs across New York City and in low vs. high heat vulnerable areas. Areas with a New York City heat vulnerability index score of 1–3 were defined as low heat vulnerable, areas with a New York City heat vulnerability index score of 4–5 were defined as high heat vulnerable. Data sources: New York City Cool Roofs Dashboard, New York City Heat Vulnerability Index (NYC Cool Roofs Dashboard NEW, 2023; Cool Roofs in a Warm City, 2023; Interactive Heat Vulnerability Index, n.d.).


[image: Map of New York City showing cool roof degradation trends across the study’s time period. Areas are color-coded: red represents blocks with cool roof degradation that occurred between 2014-2016, orange for blocks that experienced degradation between 2016-2018, and yellow for blocks that experienced degradation between 2018-2020. Blue represents blocks that did not experience cool roof degradation during the study period. Gray represents census blocks that were not included in the study.]

FIGURE 3
 The geographic distribution of temporal cool roof degradation trends in included census blocks across New York City. Data sources: New York City Cool Roofs Dashboard (NYC Cool Roofs Dashboard NEW, 2023; Cool Roofs in a Warm City, 2023).




Discussion

Our study provides an intra-urban evaluation of time-dependent changes in the reflectivity of cool roofs, one of the most widely implemented UHI mitigation interventions in NYC. Overall, we found that approximately 25% of census blocks with sufficiently reflective cool roofs present in 2014 experienced degradation by 2020, with the majority of degradation occurring between 2014 and 2016. A larger proportion of census blocks experienced cool roof degradation in low compared to high-heat vulnerable areas. Our descriptive findings emphasize the need for future inferential examinations of potential multi-level drivers of cool roof degradation in NYC and other global cities. Moreover, our findings emphasize the importance of considering the dynamic nature of cool roof surface albedo in future experimental health outcome evaluations, and the importance of cool roof maintenance policies to optimize their reflective cooling potential.

Cool roofs have been shown to reduce near-surface ambient temperature by 1.5 °C and indoor temperature by 1.2 to 3.3 °C, especially for living quarters directly under the roof surface (Tan et al., 2023; US EPA O, 2014; Rawat and Singh, 2022). Cool roof surface reflectivity degradation, as defined in our analysis, and cooling effectiveness do not have an absolute, one-to-one relationship. However, if we assume the 25% decrease in cool roof reflectivity hypothetically represents a comparable decrease in cooling effectiveness (~2 °C to reflect a rough estimate of cool roof reductions in ambient and indoor temperature), then the roof surface degradation we observed could result in an overall loss of 0.5 °C cooling potential. Prior studies have demonstrated that population-level cardiovascular mortality rates can increase by as much as 6% for each 1 °C increase in ambient temperature above normal conditions (Kenny et al., 2024). Therefore, as a rough estimate, an overall 0.5 °C loss in cool roof reflective cooling effect could hypothetically result in a 3% increase in cardiovascular risk for NYC residents for each 1 °C increase in ambient temperature during an extreme heat event.

The spatiotemporal variability of cool roof albedo degradation observed in our study is an important consideration for geospatial evaluations of municipal cool roof implementation programs and policies. Our finding that the majority of degradation occurred within the first 2 years of our study period, 2014–2016, aligns with prior evidence that has demonstrated that a high degree of cool roof degradation can occur within the first few years after installation (Dominguez-Delgado et al., 2020). To our knowledge, there are no specific environmental or policy-related factors that may have residually confounded this observation. In this way, cool roofs are time-varying treatments, which may have dynamic impacts on heat-sensitive health conditions as a function of their surface albedo strength. Moreover, the spatial variability in degradation we observed emphasizes the need for future evaluations using inferential methods to comprehensively examine geographically patterned covariates as potential predictive drivers of disparate cool roof degradation (e.g., building age, proximity to vehicular traffic pollutants).

In NYC, professional ethylene-propylene-diene monomer (EPDM) and thermoplastic polyolefin (TPO) cool roof membrane materials have been shown to maintain high albedos for longer durations than cool roofs with retrofitted paint membranes (Gaffin et al., 2012). Due to a lack of available data, we were unable to consider the impact of the composition of different cool roof surface materials at the block-level in our analysis. This is an important limitation to highlight, as without cool roof material data, we are unable to discern if our observed degradation patterns are due to a lack of maintenance, environmental factors, or the block-level prevalence of less durable roofing materials.

Additionally, our measure of cool roof reflectivity is averaged at the census-block level and does not inherently represent building-level trends. Cool roof reflectivity values aggregated to census geographic boundaries allows for data joins required for epidemiological evaluations using administrative health datasets (e.g., rates of heat-related illness). However, doing so also introduces the risk of bias from ecological fallacy—inferring individual risk from area means. For example, the average cool roof degradation trends we observed within a census block may represent the outsized degradation of only a few roof surfaces. In this way, the degradation trends we observed cannot account for building-level reflectivity changes that are relevant to individual residents’ heat exposure and health risks.

The higher proportion of cool roof degradation observed in low compared to high-heat vulnerable neighborhoods across NYC is notable. One explanation may be that factors contributing to degradation, such as particulate buildup or limited maintenance, are less prevalent in environmental justice communities. For example, the Hope Program’s NYC Cool Roof initiative prioritizes high heat-vulnerable neighborhoods across NYC for cool roof installation, with such areas receiving 73% of the Program’s cool roof square footage installed in 2018 (NYC CoolRoofs - The HOPE Program, 2022; US EPA O, 2020). Such efforts may contribute to greater roof reflectivity resilience in these neighborhoods, although, to our knowledge, the Program does not publicly detail its roofing materials or a formal maintenance plan. Additionally, in NYC, ambient air pollutant concentrations are disproportionately higher in affluent, low-heat vulnerable communities in central and lower Manhattan due to higher concentrations of vehicular traffic and commercial cooking (NYC Community Air Survey Annual Report, 2023; Uong et al., 2023). The disproportionate exposure to surface-darkening particulates in such communities may be another explanation for our findings (Aggarwal and Molleti, 2024).

The NYC HVI was originally developed at the neighborhood tabulation area (NTA)-level. Because reliable data inputs (e.g., air conditioning access) were not available at the census-block level, we assigned block-level HVI scores by spatially linking census blocks to NTAs. This approach introduces the risk of spatial misclassification and bias due to the modifiable area unit problem. Such bias could erroneously link cool roof degradation trends to low NTA-level HVI scores, when in fact these trends may be occurring in census blocks with social and structural factors that represent higher levels of heat vulnerability. Future research is needed to comprehensively examine multi-level drivers of cool roof degradation by aligning the spatial granularity of related datasets, reducing the risk of such biases.

In NYC, several local laws have been passed to incentivize cool roof installation. In 2011, Local Law 21 required that all roofs being entirely replaced met cool roof surface albedo standards at the time of installation (Local Laws - Buildings, 2019). Local Laws 92 and 94, passed as part of the 2019 NYC Climate Mobilization Act, required that roofs being constructed or replaced be partially covered with a green roof or solar photovoltaic system, with the remaining roof surface area required to meet cool roof solar reflectivity requirements (Solar-Green-Roofs, 2019). These Laws, therefore, have advanced mandates for roof surface albedo to meet cool roof standards at roof installation and renovation stages. To our knowledge, however, these laws do not explicitly mandate the ongoing maintenance of cool roof albedo, raising questions about their long-term UHI mitigation and energy efficiency benefits. The evidence provided in this study could help municipal and community partners to advocate for albedo maintenance initiatives (e.g., building code upgrades, financial incentives for property owners, integrated urban sustainability initiatives) to ensure cool roofs sustain their beneficial effects, especially in regard to heat health and health equity. For example, the Los Angeles Department of Water and Power offers a rebate to property owners only for installed cool roofing materials known to be highly reflective 3-years after installation according to the LA Green Building Code (Consumer Rebate Program | Los Angeles Department of Water and Power, 2025). Though such a program indirectly incentivizes maintenance with the use of resilient cool roofing materials, it further highlights the dearth of municipal programs that directly sustain long-term cool roof reflectivity. Such maintenance initiatives, however, should consider the safety, scalability, and performance of new developments in resilient cool roofing materials, such as novel hydrophobic, silicone-based binders (Barber et al., 2025).

In addition to the aforementioned limitations of our study, the single-city nature of our analysis limits the generalizability of our findings to other urban environments with distinct urban climates and built environment characteristics.

Overall, our study demonstrates that cool roof degradation is prevalent in NYC with dynamic spatiotemporal trends. Without maintenance, the cooling effects of high albedo roof surfaces will decrease. Our findings provide a basis for future epidemiological research to leverage large-scale health datasets to advance understanding of the localized health effects of cool roofs in diverse urban and climatic settings, and evaluate how their material degradation properties may differentially pattern found health effects over time. As cool roof implementation programs grow in global cities to mitigate extreme urban heat, reflectivity maintenance initiatives must be incentivized to ensure the UHI mitigation potential of such programs is sustained. Future research should focus on performing comparative health outcome evaluations for municipal maintenance programs to determine which policy factors are essential to optimize longitudinal cool roof heat-health benefits.
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