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Formaldehyde (HCHO) is a toxic volatile organic compound (VOC) and a Group 1 human
carcinogen. In the Tehran metropolitan area, rapid urbanization, heavy traffic, and
substantial emissions of photochemical precursors contribute to elevated levels of reactive
carbon compounds. Nevertheless, long-term urban-scale assessments of ambient
formaldehyde and its associated health impacts remain limited. This study investigated
tropospheric formaldehyde over Tehran during 2020-2023 using TROPOMI observations
from the Sentinel-5P satellite, with all data processing conducted on the Google Earth
Engine platform. After applying quality assurance filters, daily observations were
aggregated to generate monthly, seasonal, and annual averages. Tropospheric vertical
column densities were converted to near-surface concentrations using ERA5 planetary
boundary layer height data. Human health risk was assessed by estimating chronic daily
intake (CDI) and excess lifetime cancer risk (ELCR) following the RAIS/U.S. EPA
framework, using an inhalation unit risk (IUR) of 1.3 x 10~ ° (ug/m?®)~ *. In addition,
spatial hotspots were identified using the Getis-Ord Gi* statistic. The screening-level
estimates indicated that monthly near-surface HCHO concentrations ranged from 2.7 to
9.0 pg/m3, whereas annual mean concentrations varied between 5.6 and 6.15 pg/m3, with
persistent pollution hotspots located in central and northeastern Tehran. Seasonal analysis
revealed maximum concentrations during summer, coinciding with intensified
photochemical oxidation of volatile organic compounds. Estimated CDI values ranged
from 0.00077 to 0.00257 mg/kg/day, while annual ELCR values ranged from 7.28 x
10~ ° t08.00 x 10~ 5, remaining near the upper bound of the U.S. EPA acceptable risk
range (10~ © —10~ *). The corresponding population-equivalent lifetime cancer burden
was estimated at approximately 633-695 excess cancer cases among Tehran’s 8.69
million inhabitants. These findings indicate a moderate yet meaningful screening-level
cancer risk and demonstrate the utility of a satellite-based approach for assessing
formaldehyde exposure and associated health risks in urban areas lacking continuous
ground-based monitoring.
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Introduction

Formaldehyde (HCHO) is a highly reactive volatile organic compound and an important carbonyl
species in the lower atmosphere. It is classified as a Group 1 human carcinogen and is associated with
respiratory irritation, reduced lung function, and increased cancer risk. Atmospheric HCHO originates
from both primary emissions and secondary photochemical production through oxidation of
anthropogenic and biogenic volatile organic compounds. Tehran provides an important case for studying
ambient HCHO because of its high population density, heavy traffic, fossil-fuel consumption, industrial
activities, and semi-enclosed topography, which can restrict pollutant dispersion. Previous field studies
in Tehran have generally been limited in spatial and temporal coverage. Therefore, this study
investigated the spatial and temporal variability of tropospheric HCHO over Tehran during 2020-2023
and estimated screening-level health risks associated with long-term exposure to near-surface HCHO.

Material and Methods

Tropospheric HCHO vertical column densities were obtained from the Sentinel-5P/TROPOMI offline
HCHO product for January 2020 to December 2023 and processed in Google Earth Engine. Pixels with
a quality assurance value of at least 0.5 were retained, and daily observations were aggregated to
monthly, seasonal, and annual scales. Because TROPOMI provides column densities rather than direct
surface concentrations, HCHO columns were converted to screening-level near-surface mass
concentrations using planetary boundary layer height (PBLH) from ERA5, assuming simplified uniform
mixing within the boundary layer. Monthly ERA5 PBLH values were used, together with 2-m air
temperature, 10-m wind speed, total precipitation, and surface pressure. Monthly, seasonal, and annual
HCHO maps were generated without spatial interpolation. Spatial hot and cold spots were identified
using the Getis-Ord Gi* statistic at the 90%, 95%, and 99% confidence levels. Relationships between
HCHO and meteorological variables were evaluated using 48 monthly observations. Pearson correlation
analysis was followed by multiple linear regression to assess the contribution of temperature, wind
speed, precipitation, and surface pressure to monthly HCHO variability. For health risk assessment,
chronic daily intake (CDI) and excess lifetime cancer risk (ELCR) were calculated using the RAIS/U.S.
EPA inhalation risk assessment framework. A lifetime exposure scenario was considered, and ELCR
was estimated using an inhalation unit risk of 1.3 x 10~ ® (ug/m3)~ 1. Because long-term, co-located
ground-based HCHO measurements were unavailable in Tehran, the satellite-derived estimates were
interpreted as screening-level values. Uncertainty was partly addressed by testing mixing heights of 800,
1000, and 1200 m and applying £30% uncertainty to satellite-derived HCHO concentrations.

Results

Results

The four-year mean distribution showed persistent higher HCHO values in central and northeastern
Tehran and lower values in southern areas. Getis-Ord Gi* analysis confirmed statistically significant hot
spots in the central and northeastern sectors and cold spots in the south. Seasonal variability was also
pronounced: HCHO concentrations were highest in summer and lowest in winter, consistent with
stronger photochemical oxidation of volatile organic compounds during warmer and sunnier periods.
Annual mean screening-level near-surface HCHO concentrations ranged from 5.6 to 6.15 pg/m3 during
2020-2023, while monthly concentrations ranged from 2.7 to 9.0 pg/m3. CDI values ranged from
0.00077 to 0.00257 mg/kg/day, and annual ELCR values ranged from 7.28 x 10~ ° t0 8.00 x 10~ ° .
These estimates fall within the commonly used U.S. EPA cancer risk range of 10~ ¢ to 10~ * , but near
its upper bound. For a population of approximately 8.69 million, the corresponding population-
equivalent lifetime cancer burden was estimated at about 633-695 cases. These values should be
interpreted as screening indicators for population-level prioritization rather than exact predictions of
individual cancer cases. Meteorological analysis showed that temperature had the strongest positive
relationship with HCHO, whereas wind speed had a significant negative relationship. The multiple
regression model explained a substantial portion of monthly variability, with temperature and wind
speed emerging as the dominant meteorological controls. These findings support the combined role of
enhanced photochemical production and atmospheric dispersion in controlling HCHO variability in
Tehran.
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Discussion and Conclusion

Sentinel-5P/TROPOMI observations combined with ERAS reanalysis provide a useful complementary
approach for screening-level assessment of HCHO pollution in data-limited urban environments.
Persistent hot spots in central and northeastern Tehran, together with the summer maximum, indicate
areas and periods that warrant greater attention in air-quality management. The estimated CDI and
ELCR values further suggest that long-term ambient HCHO exposure should be considered in public-
health planning. However, TROPOMI measures tropospheric columns rather than direct ground-level
concentrations, and conversion to near-surface concentrations depends on assumptions about vertical
mixing and PBLH. The absence of long-term local monitoring also limits direct validation. Future
studies should combine satellite observations with ground-based measurements and chemical transport
modeling to improve local validation, surface-concentration estimates, and source attribution.
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Figure 2. (a) Four-year mean tropospheric HCHO column density over Tehran (2020-2023); (b) Getis-

Ord Gi* hot spot analysis based on the gridded HCHO field, showing statistically significant hot spot and
cold spot clusters according to confidence level
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Figure 3. Seasonal mean tropospheric HCHO over Tehran during 2020-2023
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Table 1. Monthly near-surface HCHO concentrations, chronic daily intake (CDI), and excess lifetime
cancer risk (ELCR) in Tehran during 2020-2023
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Table 2. Annual HCHO, CDI, and ELCR values in Tehran during 2020-2023
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Table 3. Multiple linear regression coefficients for monthly HCHO variability
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Figure 4. Monthly excess lifetime cancer risk (ELCR) estimated from Sentinel-5P HCHO data
for 2020-2023
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