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Abstract

Cross-state air pollution can degrade air quality in regions surrounding urban areas. How-
ever, assessing health impacts and economic costs requires quantifying annual pollutant
transport. This type of annual assessment poses significant technical challenges, including
the need to differentiate between external and local pollution, which have different spa-
tial distributions; the large number of required air quality simulations; and the extensive
post-processing of results. The Mexico City Metropolitan Area is located within the most
polluted airshed in the country and exports large quantities of atmospheric pollutants to
neighboring airsheds; however, until now, the annual magnitude of the impact on the pop-
ulation and its associated costs had not been quantified. This paper presents the estimation
of potentially avoidable premature mortality and the annual economic cost associated with
importing PM2.5 from the Mexico City Metropolitan Area into the metropolitan areas of
Toluca and Cuernavaca. These estimates are based on 8640 simulations of air quality using
the Hysplit 5.3.0 model, corresponding to each hour of 360 days in one year. Geoprocessing
tools specifically designed in ArcGIS 10.4 were used to automate the calculations of PM2.5

mass exchange, and the premature mortality and health costs were calculated using the
BenMap-CE 1.5.0.4 program. Results indicate that the export of PM2.5 from the Mexico City
Metropolitan Area in 2018 may have resulted in 19,473 potentially avoidable premature
deaths in the two recipient metropolitan areas. This impact could represent an annual
economic cost of $12,197 million for the Toluca Valley Metropolitan Area and $4140 million
for the Cuernavaca Metropolitan Area.

Keywords: premature deaths; PM2.5; Mexico City; air pollution exportation; Toluca; Cuernavaca

1. Introduction
Airsheds, or atmospheric basins, are regions characterized by local climatic condi-

tions. Their formation is closely related to orographic features and typically corresponds to
valleys surrounded by high mountains [1–3]. Atmospheric pollutants can be temporarily
confined within airsheds, and air mass exchange with surrounding regions occurs pri-
marily through orographic channels (mountain passes) [4,5]. Within airsheds, pollutants
frequently accumulate due to cyclonic and anticyclonic wind recirculation patterns [6].
Subsequently, airflow can transport pollutant masses to open regions or neighboring air-
sheds. The half-life of PM2.5 (particulate matter with aerodynamic diameter equal to or
less than 2.5 µm) is estimated to range from three to fifteen days in the troposphere [7];
consequently, this pollutant can be transported over long distances before being removed
by dry or wet deposition [8]. Export events become particularly significant when the
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emitting atmospheric basin contains a densely urbanized metropolitan area with high
pollutant emission rates, as substantial pollutant loads may be transported to other cities,
worsening the air quality in the receiving airshed and increasing exposure among surround-
ing populations [9–13]. Cross-state air pollution is associated with 43–53% of premature
mortality in the United States [14]. On the Tibetan Plateau, external inflows contribute
about 20–40% of total pollution [13], and other studies estimate transboundary PM2.5 levels
in the 20 to 40 µg m−3 range [15]. Anthropogenic emissions from the United States are
an important contributor to CO concentrations (11%) and summertime O3 concentrations
(17%) in Quebec [16]. The transboundary air pollution significantly contributes to the
deterioration of air quality, while local health systems and populations internalize the
associated costs, often unconsciously.

The export of air pollutants is especially concerning when the receiving airshed is
densely populated, as many inhabitants may be affected. In the Mexico City Metropolitan
Area (MCMA), the main sources of PM2.5 are open waste burning (2484 tons year−1), on-
road mobile sources (6224 tons year−1), and industrial combustion (2169 tons year−1) [17].
PM2.5 consists of fine inhalable particles capable of reaching the alveolar region of the lungs,
where toxic compounds may enter the bloodstream [18,19]. PM2.5 is composed of various
harmful substances, such as toxic metals (e.g., cadmium and lead), metalloids (e.g., ar-
senic), and hydrocarbon aromatic polycyclic (e.g., anthracene and benzo[a]pyrene) [20–26].
Recognized health effects associated with PM2.5 exposure include lung cancer, chronic ob-
structive pulmonary disease, lower respiratory infections, asthma, cerebrovascular disease,
cardiovascular disease, and ischemic heart disease [19,27–32].

To attribute the impacts of cross-state air pollution, it is necessary to differentiate
air quality modeling [33,34]. However, a more accurate calculation requires data over
a full year at 1 h intervals, because a coarser temporal resolution (e.g., daily, weekly)
would allow a significant amount of the pollutants entering the basin to leave or be
removed before they could be quantified, and fewer modeled days would not provide
representative estimations. The large number of pollutant transport simulations and the
enormous number of output files required to calculate annual premature deaths are the
major challenges in calculating the associated costs. Examples of these situations can be
seen in recently published articles. Dedoussi et al. [14] opted to estimate early deaths
using the sensitivity of source–receptor matrices since, otherwise, their case study would
have required 1300 simulations. Furthermore, they used a coarse spatial resolution of
50 × 50 km per grid cell to keep the computational requirements manageable. In other
study cases, only a few days were modeled [35,36], or statistical techniques such as those
presented by [37–44] were used to avoid air quality modeling. These approaches use
epidemiological data cross-referenced with environmental monitoring data, assuming that
monitoring stations represent the air quality of large regions. Table 1 summarizes the
findings of the cited studies.

Table 1. Relevant case studies on estimating the impacts of air pollution in terms of mortality and costs.

Reference Methodology Findings

Gupta & Mohan, 2013 [35]
Authors used the WRF-Chem model to model air

quality over a week to estimate the export of
atmospheric pollutants.

58 to 89% of the pollution present in the megacity
Delhi comes from outside.

Von Stackelberg et al., 2013 [37]
VSL of $7.4 million and concentration–response

functions were applied to estimate
premature mortality.

A total estimate of $31 billion (2007 $) was
estimated for the United States.

Mink, 2025 [38] Data from hospital visits and air quality monitoring
from 2015 to 2018 were used.

Marginal increases in PM2.5 concentration cause
significant effects on weekly health costs.
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Table 1. Cont.

Reference Methodology Findings

Lakner et al., 2024 [39]
Hungary’s Global Burden of Disease [GBD]

information system was used to estimate the health
costs of 14 air pollution-related diseases.

The health costs represent a loss of 4.1 to 9.4% of
GDP over the next fifty years.

Kubatko & Kubatko, 2019 [40] The main air pollution-related diseases in Ukraine
and the estimated costs associated with diseases.

Total economic costs attributed to air pollution and
selected morbidities range 1.14–2.12 billion.

Becerra-Pérez et al., 2021 [41]
PM2.5 concentration relationships with total and

cardiovascular mortality and VSL for Mexico
were used.

Average health cost for three Mexican cities is
between $600 and $690 million.

Trejo-González et al., 2019 [42]

Estimation of the benefits of PM2.5 emission
reduction in Mexican cities using

concentration–response functions and an
adjusted VSL.

A reduction of 10 µg m−3 can prevent mortality
from related causes by 8.1%.

Yin et al., 2024 [43]
Data from 204 countries and concentration–response

models were used to estimate the health costs
attributable to PM2.5 pollution.

Global healthcare costs estimated at $1.1 trillion
globally in 2019.

Researchers and environmental managers use several metrics to quantify the impact of
atmospheric pollution on population health. Among the most widely used for comparative
purposes are estimates of potentially avoidable premature deaths (PAPDs) and economic
costs based on the value per statistical life (VSL). According to the National Cancer Institute,
a premature death is defined as “a death that occurs before the average age of death in
a certain population” [45,46]. By analogy, potentially avoidable premature deaths are
those attributable to preventable causes, like exposure to environmental pollution. In
economic terms, the VSL represents the population’s willingness to pay for reductions in
mortality risk [47,48]. The U.S. Environmental Protection Agency (U.S. EPA) has developed
the Environmental Benefits Mapping and Analysis Program (BenMap-CE) to support
air pollution health impact assessments [49,50]. The BenMap-CE is used to estimate the
PAPD and the annual costs associated with air quality scenarios. The program quantifies
premature mortality using exposure–response functions derived from the epidemiological
literature and calculates economic impacts using the VSL approach. BenMap-CE has been
used in many studies and is widely accepted worldwide for the strategic assessment of air
quality policies. As summarized in Table 1, two main methods have been used to estimate
the costs of air pollution. One method uses the costs of treating air pollution-related
illnesses, and the other frequently uses the concept of the statistical value of life. Recently, a
significant number of studies using BenMap-CE have been published; Table 2 summarizes
a list of them.

Table 2. Recent studies using the BenMap program.

Reference Country Journal

Aldegunde et al., 2023 [51] Colombia Environments
Altieri & Keen, 2019 [52] South Africa Science of the Total Environment

Bryan & Landrigan, 2023 [53] United States Frontiers in Public Health
Chen et al., 2023 [54] China Air Quality, Atmosphere & Health

Coffman et al., 2024 [55] United States Environmental Health Perspectives
Getachew et al., 2025 [56] Ethiopia Environmental Health Insights

He et al., 2025 [57] United States Environmental Research Letters
Hu et al., 2024 [58] China Sustainability

Kabir & Pal, 2024 [59] Bangladesh Lecture Notes in Civil Engineering
Kianizadeh et al., 2022 [60] Iran Environmental Monitoring and Assessment

Li & Wilson, 2023 [61] United States Applied Sciences
Lindsey et al., 2025 [62] United States GeoHealth
Meng et al., 2024 [63] United States BMJ Public Health
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Table 2. Cont.

Reference Country Journal

Ngamsang et al., 2023 [64] Thailand Journal of Environmental and Public Health
Safari et al., 2022 [12] Iran International Journal of Biometeorology
Salehi et al., 2023 [65] Iran PLoS ONE

Sekmoudi et al., 2025 [66] Morocco Euro-Mediterranean Journal for Environmental Integration
Wang et al., 2023 [67] China Atmosphere
Žero et al., 2022 [68] Bosnia and Herzegovina Environmental Science & Technology

BenMap-CE users can prepare scenarios by interpolating measurements from air qual-
ity monitoring stations with limited precision or by using dispersion modeling for greater
accuracy. The Hybrid Single Particle Lagrangian Integrated Trajectory (Hysplit) can be
used to simulate such air quality scenarios [69,70]. Hysplit is widely applied for modeling
the transport and dispersion of atmospheric pollutants [13,71–75]. Its application for esti-
mating pollutant mass interchange between atmospheric basins was first demonstrated
by this research group [9]. One of the main advantages of using Hysplit in these types of
studies is its ability to generate output files in formats suitable for post-processing within
geographic information systems. Additionally, by implementing geoprocessing algorithms,
multiple output files can be automatically processed to produce more detailed estimates of
particulate mass exchange, rather than merely estimating pollutant concentrations. This
approach allows for a clearer distinction between transported pollutants from each source.

The health impacts of pollution exported from a highly polluted area become more
significant when the receiving area is also located within an atmospheric basin capable of
retaining pollutants, such as the cities surrounding Mexico City. Therefore, the following
research question arises: How many premature deaths occur, and what are the associated
costs as a result of importing primary PM2.5 from a highly urbanized atmospheric basin
such as the MCMA?

For the purpose of estimating the annual impacts associated with atmospheric pol-
lutant mass received by one population from another densely urbanized airshed, this
manuscript displays, for the first time, the results of annual PM2.5 mass interchange model-
ing (8640 simulations), PAPD, and associated cost calculations, using the Hysplit 5.3.0 model
and the BenMap-CE 1.5.0.4 software, complemented with geoprocessing tools developed by
this group in ArcGis® 10.4. The methodology was applied to two metropolitan areas neigh-
boring a highly urbanized metropolitan area, particularly the Mexico City Metropolitan
Area. This approach allows for greater precision in epidemiological estimation.

2. Materials and Methods
2.1. Study Area

The MCMA is the biggest urban zone in the Mexican megalopolis, located in the
central region of Mexico. This metropolitan area is within an airshed at 2240 AMSL. In
the surrounding area, it borders other airsheds containing metropolitan areas, such as
the Toluca Valley Metropolitan Area (TVMA) in the State of Mexico to the east and the
Cuernavaca Metropolitan Area (CMA) in the State of Morelos to the south. The MCMA
is the most populated (21 million inhabitants), the most motorized (6.24 million vehicles),
and has high pollutant emission rates (14,939 tons year−1 of PM2.5) [17,76]. High quantities
of atmospheric pollutants are exported from the MCMA to surrounding areas and added
to local emissions in other airsheds. The TVMA is located inside the Toluca airshed at
2600 AMSL and has 2,353,924 inhabitants, and the CMA is located inside another airshed at
1500 AMSL and has 1,121,122 inhabitants. The population in the MCMA is predominantly
urban (97%); in contrast, the populations in the TVMA and CMA are 87% urban.

https://doi.org/10.3390/urbansci10070370

https://doi.org/10.3390/urbansci10070370


Urban Sci. 2026, 10, 370 5 of 16

2.2. Emissions Inventory

In Mexico, emission inventories are calculated by the ministries of environment, and
the 2018 inventory was the most recent inventory available to research groups at the
time of this study. The 2018 emissions inventory of point and area sources of the Mexico
Megalopolis was provided by the Environmental and Natural Resources Ministry (SEMAR-
NAT, by its Spanish acronym). The MCMA inventory includes 77,000 industrial sources,
850,000 commercial sources, and 6.24 million vehicles. The modeled PM2.5 total emissions
in the MCMA were: point sources = 3174.4 ton-year−1, area sources = 5906.1 ton-year−1,
and mobile sources = 7097.5 ton-year−1 [77]. The spatial distribution of point and area
emissions was provided by the SEMARNAT. On-road mobile emissions were spatially
distributed by street category: 50% to highways, 30% to secondary avenues, and 20% to
tertiary streets. Total emissions rates were integrated into a grid with 5 × 5 km cells to
protect confidential information. Natural emissions (322 ton-year−1) were not included in
the modeling because the objective of this study is to provide recommendations regarding
the management of anthropogenic emission impacts. Figure 1 shows the grid with all
emission rates integrated in grams per second (units required by Hysplit 5.3.0 modeling).
PM2.5 emissions data of each cell are available in the repository linked to Dataset #1 (see
the Data Availability Statement Section).

 

Figure 1. Study area: metropolitan areas and the PM2.5 emissions grid.

2.3. PM2.5 Dispersion Modeling with Hysplit 5.3.0

The Hysplit 5.3.0 model (user account #182) was used to simulate PM2.5 transport
across atmospheric basins. Hourly intervals were modeled for each one of the 24 h of the
30 days of the twelve months of 2018. The meteorological files from the NCEP/NCAR
Global Reanalysis Data and the Global Data Assimilation System were downloaded from
the National Oceanic and Atmospheric Administration repositories [78].

The Hysplit 5.3.0 model was executed using the “Daily run” special mode. This mode
executes multiple automated concentration simulations. Hysplit 5.3.0 was configured to
run 1 h simulations for 14-day intervals. The concentration setup was configured to model
particles with a diameter of 2.5 µm and to model wet and dry deposition. The top of the
model was adjusted to 2000 m above ground level. The simulations were computed on
a workstation manufactured by Hewlett-Packard in the United States with an Intel Core
I9-10900F 10a 2.8 GHz 10 cores processor, memory RAM DDR4 128 Gb and liquid cooling.
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2.4. Post-Geoprocessing

Output files were post-processed in the ArcGis 10.4 geographic information system.
Custom tools were developed with ModelBuilder® to automatically process the large
number of output files by Hysplit 5.3.0 and to calculate the importation of PM2.5 mass. The
particle mass was calculated by applying Equation (1).

M = ∑n
i=1 Ci × Ai × H (1)

For each i-polygon, M represents the mass of PM2.5 [g] dispersed within a metropolitan
area. Ci is the PM2.5 concentration [g m−3]. Ai is the area of the polygon associated with
concentration Ci, and H is the modeling height [m].

The post-geoprocessing procedure includes the following stages: (1) conversion of
Hysplit output text files into PM2.5 concentration polygons; (2) spatial intersection between
concentration polygons and municipal boundary polygons; (3) estimation of PM2.5 partic-
ulate mass. The geoprocessing results are hourly quantifications of PM2.5 mass. Results
of this geoprocessing workflow consist of the hourly quantifications of imported PM2.5

mass for each urban polygon in 2018. Flow diagrams of the geographic tools designed to
automate mass calculation are present in Appendix A.

2.5. The Premature Mortality and Costs Calculation

Potentially avoidable premature deaths and their associated costs were calculated
using the BenMap-CE 1.5.0.4 program. Two scenarios were compared: (i) the alternative
scenario (without PM2.5 imports from MCMA) and (ii) the baseline scenario (with PM2.5

imports). The Krewski health impact function is the most used in the state-of-the-art to
calculate the premature deaths, assuming a log-linear concentration–response relationship.
This function relates the annual average PM2.5 concentration to the risk estimator (called
the beta coefficient, β) according to Equation (2) [79]. The associated costs were calculated
using the most recent local VSL reported by Becerra-Pérez et al. [41]: $0.9 million for the
State of Mexico and $0.7 million for Morelos (base year 2021).

∆Y = Y0
(
1 − e−β×∆PM2.5)× Population (2)

where ∆Y is the change in mortality, Y0 is the baseline mortality rate (incidence), β is the
unit risk coefficient, and ∆PM2.5 is the difference in PM2.5 mass in grams.

In summary, the transport of primary PM2.5 emissions from MCMA to CMA and
TVMA was modeled with Hysplit 5.3.0 at one-hour intervals in 2018 (8640 simulations)
using the 2018 emission inventory. Later, the imported PM2.5 mass was calculated using
geographic tools. Finally, the potentially avoidable premature deaths and the associated
costs were estimated using the BenMap-CE 1.5.0.4 program.

Figure 2 presents a flow diagram summarizing the modeling and calculus processes.
Initially, the PM2.5 primary emissions inventory is integrated into the geodatabase and
spatially distributed in a grid. Next, the transport of PM2.5 is modeled with Hysplit,
including the meteorological data. Subsequently, the Hysplit output files are rearranged to
prepare for post-geoprocessing. Then, all output files are geoprocessed in ArcGis 10.4 to
calculate the PM2.5 mass exchange. Finally, premature mortality and costs are calculated
using the BenMap-CE program.

https://doi.org/10.3390/urbansci10070370
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Figure 2. Workflow of premature mortality and cost estimation.

3. Results
The modeling results for mass interchange between the MCMA and the TVMA indicate

that, in 2018, the PM2.5 mass hourly average in the TVMA, originally emitted in the MCMA,
was 565 kg. Figure 3 shows the results of hourly imported PM2.5 mass modeled with Hysplit
and geoprocessing tools. Imported particle mass frequently reaches approximately 4000 kg
in the TVMA and 2000 kg in the CMA. This fact could be related to the airshed area size.
The winds blow from the MCMA, and their pollutants can be deposited within the basin
or blown out when winds are strong (whole-year modeling considers all meteorological
conditions). In this atmospheric dynamic, the airshed area limits the deposited PM2.5 mass.
Occasionally, mass peaks of 10,564 kg and 8918 kg impact the TVMA.

 

Figure 3. Hourly PM2.5 mass exports. (a) PM2.5 mass exported from MCMA to TVMA, (b) PM2.5

mass exported from MCMA to CMA.

January, November, and December were the months with the greatest particle export
from MCMA to neighboring airsheds. The accumulated monthly amounts of imported
PM2.5 mass are presented in Figure 4. The pattern is associated with the prevailing northerly
winds during the winter season. In the CMA case, the average hourly amount of PM2.5
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from the MCMA was 284 kg. However, an enormous amount of PM2.5 was observed in the
summer as well. The main differences in impacts between the TVMA and the CMA are
related to airflow restrictions imposed by the mountain chain separating the MCMA and
the CMA. These topographic barriers become more penetrable during periods of intense
summer winds and higher temperatures. Strong winds disrupt anticyclonic recirculation
patterns and facilitate the transport of pollutants across mountain passes.

Figure 4. Monthly distribution of imported PM2.5 mass: (a) Toluca Valley Metropolitan Area;
(b) Cuernavaca Metropolitan Area.

The dispersion of PM2.5 causes differentiated increases in the urban municipalities of
the receiving metropolitan areas. Figure 5 illustrates the differences in PM2.5 mass between
the alternative and baseline scenarios. In the TVMA, municipalities closer to the MCMA
show the greatest increases, while the municipality of Toluca, farther away, shows moderate
increases. These lower increases are relevant because the municipality of Toluca is the
capital of the State of Mexico and, therefore, one of the most populated. In contrast, in the
CMA, Cuernavaca, the capital municipality of the State of Morelos, is the most populated
municipality and also one of the closest to the MCMA, thus showing greater increases in
PM2.5 mass. Consequently, in the CMA, the import of PM2.5 is more significant.

 

Figure 5. PM2.5 mass differences between the alternative and baseline scenarios: (a) TVMA; (b) CMA.

Imported PM2.5 mass was spatially integrated into the basic geostatistical areas (AGEB,
by the Spanish acronym) for subsequent analysis in BenMap-CE. The corresponding data
are available in the repository linked to Dataset #2 (see the Data Availability Statement
Section). Figure 6 displays the BenMap-CE results of mortality calculations at the AGEB
level. The most densely populated and locally polluted municipalities exhibit the highest
PAPD. The impact of incoming PM2.5 is greatest in regions with high local emission rates
because the relationship between health risks is non-linear [79]. The exponential function
implies that even small increases in particulate concentrations can produce significant
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health impacts. In total, 13,553 PAPD were estimated for the TVMA and 5915 PAPD for
the CMA. Data is available in the repository linked to Dataset #3 (see the Data Availability
Statement Section).

 

Figure 6. Premature mortality in the TVMA and in the CMA attributable to MCMA PM2.5 exports.

The three most impacted municipalities in the TVMA are Toluca de Lerdo (capital
of the State of Mexico) with an incidence of 1354 PAPD (population: 223,876 inhabitants),
San Mateo Atenco with 540 PAPD (population of 88,734 inhabitants), and San Salvador
Tizatlalli with 425 PAPD (population of 70,013 inhabitants). It is worth noting the high
incidence in Toluca de Lerdo, despite its considerable distance from the MCMA. In the
CMA, the municipalities with the highest incidence are Cuernavaca, Calera Chica, and
San Agustín Tetlama with 2062, 1048, and 587 PAPD, respectively. The total PAPD in the
Cuernavaca municipality is higher than in Toluca de Lerdo, reflecting a larger difference
between the baseline and alternative scenarios.

The results of the impact valuation of PM2.5 imports are directly proportional to
incidence, as defined in Equation (2), where the population variable has a directly multi-
plicative effect. Figure 7 shows the BenMap-CE results of attributable costs by AGEB; data
are available in Dataset 3 (see the Data Availability Statement Section). The health impacts’
calculus was valued at $12,197 million for the TVMA and $4140 million for the CMA. It is
important to note that VSL values were applied to each metropolitan area.

 

Figure 7. Economic costs of health impacts applying the local VSL.
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4. Discussion
November, December, and January were the months with the highest PM2.5 exports

from the MCMA to the metropolitan areas of Toluca and Cuernavaca. This pattern is
consistent with the prevailing wind directions during 2018. The MCMA is partially confined
by the mountain system of the Trans-Mexican Volcanic Belt to the southwest and by the
Sierra Madre Oriental to the southeast. Consequently, predominant winds enter the MCMA
airshed from the north and exit through the orographic channels between the mountains
at the south, west, and southwest (Figure 8). In 2018, the winds in January, March, April,
June, November, and December predominantly blew toward the Toluca and Cuernavaca
airsheds, carrying loads of pollutants emitted in the MCMA.

 

Figure 8. Predominant wind directions blowing out from MCMA.

The high imports during the winter season are a cause for concern because the low
ambient temperatures during those months increase the risks for population health. Addi-
tionally, low temperatures can lead to thermal inversions, which slow pollutant dispersion,
increasing the population’s exposure time to high concentrations of air pollutants. It would
be expected that during the winter months, greater emphasis would be placed on managing
prevention and treatment measures of diseases related to air pollution. Although the mod-
eling results show significant PM2.5 imports in July in Toluca and in April in Cuernavaca,
these could disperse more quickly due to the higher temperatures of spring and summer.

Compared to other case studies, premature deaths attributable to out-of-state pollution
in 2018 were estimated at 1280 PAPD in Alabama, 1430 PAPD in Kentucky, and 2010 PAPD
in Richmond, Virginia [14]. The higher estimated values in this study could be associated
with three factors. First, the high levels of PM2.5 exported by MCMA; second, the fact
that MCMA is located within an atmospheric basin, where air pollutants can accumulate
before being exported; and third, the impacted populations are themselves located within
atmospheric basins, which increases the residence time of imported pollutants.

The costs attributable to PM2.5 imports are often substantial and controversial. The VSL
variation across different countries makes it difficult to compare. A possible comparison
could be per capita. The attributable costs estimated in this study for the TVMA and CMA
are $5181.00 and $3693.00 per capita, respectively. These results are higher than the global
average of $147.00 per capita calculated by Yin et al. [43].
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The exchange of atmospheric pollutants has been a subject of growing concern for
two decades. The findings indicate that the export of atmospheric pollutants may be
responsible for thousands of premature deaths and millions of dollars in associated costs.
However, these costs are largely internalized by the affected populations and states. Each
airshed experiences distinct impacts of PM2.5 imports, and its orographic characteristics are
factors to consider. The TVMA is at 2600 AMSL (400 m above the MCMA). This elevation,
combined with the dry–cold season, thermal inversions, and increased importation of
PM2.5 from the MCMA, may intensify adverse health effects in the Toluca population. In
striking contrast, the CMA is 700 m below the MCMA. Therefore, the PM2.5 mass imported
during the summer and winter seasons is rapidly dispersed southward.

Regarding the limitations, several aspects should be acknowledged: (1) The most
recent emissions inventory available was published in 2018. (2) The spatial distribution
of on-road emissions based on street hierarchies is also a rough approximation, which
was used because these emissions are not spatially distributed in the emission inventories.
(3) This study only evaluated the impacts of imported primary PM2.5; secondary particulate
matter and other imported pollutants that also pose risks to public health were not included
in the analysis.

5. Conclusions
Premature mortality and costs associated with the import of primary PM2.5 from a

densely urbanized metropolitan area to two surrounding urban areas were calculated for
the first time in this study based on 8640 hourly transport simulations of mass throughout
2018. In the MCMA case, the results indicate that 13,553 PAPD in the TVMA and 5915 PAPD
in the CMA are attributable to PM2.5 imports. In addition, this pollutant exchange process
represents annual economic costs of $12,197 million for the TVMA and $4140 million for
the CMA. Equivalent to per capita economic costs of $3693 in the CMA and $5181 in the
TVMA. The main contributing factors are the high emission rates of the MCMA and the
effects of atmospheric basins on pollutant accumulation.

Neighboring health institutions and the population unconsciously internalize the
costs of the pollutants arriving from highly urbanized cities. The interchange of atmo-
spheric compounds between airsheds is natural and inevitable. However, the relevance
of impacts critically reveals that air policy management should consider import pollution
impacts beyond administrative limits. When a government office makes wrong decisions,
neighboring populations are negatively affected. It is therefore necessary to conduct more
comprehensive assessments to support decision-making, even for policies applied within a
single municipality.

Policy and Management Implications

In the MCMA case, the winter months had the highest frequency of pollutant imports;
therefore, it is important to emphasize actions to reduce exposure to air pollution during
this period and to consider compensation mechanisms for the receiving cities, primarily
through the provision of medical services. Intergovernmental plans could be established
to design such compensation mechanisms, recognizing that exported pollution causes
economic losses in the form of reduced productivity in neighboring cities.

The significant impacts on the air quality and public health by atmospheric pollutant
export make evident the need for regional management of urban public policies. All types of
urban policies influence the atmospheric pollutant emissions (road network design, housing
developments, growth of vehicle fleets, urban sprawl, services and travel attractors, etc.),
especially when they reach metropolitan cover. Considering the effects of these policies
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on pollutant emissions and their impacts on neighboring populations would enhance the
sustainability of national development.

As an additional recommendation, a policy framework similar to the Cross-State Air
Pollution Rule (CSAPR) [80] could be designed to promote emissions control measurements
in highly urbanized metropolitan areas when large amounts of pollutant mass are exported
to other populated airsheds.
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