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Objective: To evaluate the performance of satellite-derived PM2.5 concentrations against ground-based measurements in the
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ground-based data. We found no significant differences between the estimated relative risks based on the corrected satellite data
and those based on ground measurements. Conclusion: In this study we highlight the importance of validating satellite-modeled
PM2.5 data to assess and understand health impacts. The development of models using remote sensing to estimate PM2.5 allows the
quantification of health risks arising from the exposure.
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INTRODUCTION

Air pollution is an environmental threat with multiple
impacts on human health. The World Health Organization
(WHO) draws attention to the burden of disease associat-
ed with air pollution. Millions of premature deaths from
cerebrovascular accident, heart diseases, lung cancer, and
chronic and acute respiratory diseases, including asth-
ma, could be prevented by reducing air pollution levels'.
Vulnerable populations, including children, older adults,
pregnant women, and people with chronic diseases, are at
greater risk**. In Brazil, the Pan American Health Organiza-
tion reported 51 thousand annual deaths associated with
air pollution®®.

Exposure to particulate matter with a diameter of
less than 2.5 um (PM2.5) has been investigated in many
studies and has been shown to be a robust indicator of
health risk associated with different emission sources’2. It
is worth noting that PM2.5 includes the inhalable particu-
late matter PM10. In urban areas of developed countries,
the fraction of PM2.5 to PM10 ranged from 0.5 to 0.8° In
the study carried out by Cohen et al.”® in several urban
areas of the world, the fraction of 0.5xPM10 was adopted
to estimate PM2.5 and calculate the number of prema-
ture deaths associated with exposure to the pollutant. In
Brazil, in a study carried out in an urban area, the average
PM2.5/PM10 ratio was 0.52"'. Both PM2.5 and PM10 can
be inhaled, but PM2.5 has a greater potential health risk,
as fine particles can penetrate deep into the respiratory
tract and reach the lungs'.

Time series epidemiological studies have been used to
quantify the risks associated with exposure to air pollut-
ants and health outcomes’'®. One of the relevant challeng-
es in investigating the effects of air pollution on the health
of the population in the main capitals of Brazil is the lack of
continuous monitoring of atmospheric pollutants. In Brazil,
the air quality monitoring network is restricted, which rep-
resents a limitation for the development of epidemiological
studies. Of the 26 Brazilian states, 11 have an air quality
monitoring system, 80% of which are located in the South-
east Region, but they present incomplete information and
limited access regarding air quality'. For time series epi-
demiological studies, the study period and the availability
of air quality data is an important factor in reducing uncer-
tainties, although proxy indicators and information from
predictive models can also be used as long as their limita-
tions are discussed?>-22,

The National Institute for Space Research (Instituto Na-
cional de Pesquisas Espaciais - INPE), in collaboration with
other Brazilian institutions, developed the Environmental
Information System Integrated with Environmental Health
(Sistema de Informacbes Ambientais Integrado a Saude Am-
biental - SISAM) with the aim of assisting health programs
on the impacts of atmospheric pollutant emissions on hu-
man health. SISAM is an online platform that provides the
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concentrations of atmospheric pollutants, estimated by
remote sensing with a spatial resolution of approximately
12.5 km, which allows a spatiotemporal characterization of
the variability of daily exposure for all municipalities in Bra-
zil, at no cost to the user?.

Our objective was to evaluate the performance of
PM2.5 estimates from the SISAM platform in comparison
with ground-based measurements in the municipality
of Salvador, in the state of Bahia, Brazil, as well as their
implications for the associations of PM2.5 with non-acci-
dental mortality.

METHODS

Study design and area

This is an ecological study of daily time series, from
2011 to 2016.

The research was carried out in Salvador, the second
largest city in northeastern Brazil and the fifth most pop-
ulous in the country, with a population of approximately
2.42 million according to the 2022 Census?*. The munici-
pality is divided into ten city councils-neighborhoods and
these are subdivided into 163 neighborhoods.

From 2011 to 2016, air quality monitoring in Salvador
was managed by Cetrel, a private Brazilian company spe-
cialized in environmental monitoring. During this period,
Salvador’s air quality monitoring network consisted of eight
fixed monitoring stations, strategically located throughout
the city. These stations provided data with one-hour tem-
poral resolution on levels of pollutants such as PM10, SO,,
CO, 0,,and NO,; as well as meteorological parameters such
as wind speed and direction, temperature, humidity, and
rainfall. Among the monitoring stations, five were in oper-
ation as of 2011, namely: Campo Grande, Dique do Torord
[Toror6 Dam], CAB/Dique do Paralela [Paralela Dam], Pi-
raja, and Rio Vermelho [Vermelho River]. The operation of
the three remaining stations — such as Av. ACM/Detran,
Av. Barros Reis, and Itaigara — began in 2013. Until the be-
ginning of this study, daily measurements of atmospheric
pollutants available in Salvador were only related to the
2011-2016 period. The study area and specific location of
monitoring stations are shown in Figure 1.

Database

Measureddataof airpollutants andmeteorological
parameters

PM10, temperature, and humidity data were obtained
from Cetrel monitoring stations for the 2011-2016 period.
In the absence of direct PM2.5 measurements, the ratio of
0.5 for PM2.5/PM10 was used, commonly accepted for ur-
ban areas and as recommended by Ostro?®. This approach
allowed estimating PM2.5 concentrations based on record-
ed PM10 levels.
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PIR: Piraja; PAR: CAB/Paralela station; CAM: Campo Grande; RIO:
Vermelho River; DIQ: Tororo Dam; ITA: Itaigara; BAR: Barros Reis;
ACM: Av. ACM/Detran.

Figure 1. Location of fixed monitoring stations in
Salvador (state of Bahia - BA), 2011 to 2016.

Environmental Information System Integrated
with Environmental Health (SISAM) platform

The SISAM platform presents spreadsheets with me-
teorological data and air quality for all states and munici-
palities, by date and time?. SISAM is sourced from the Co-
pernicus Atmosphere Monitoring Service (CAMS), a global
reanalysis dataset of atmospheric composition produced
by the European Center for Medium-Range Weather Fore-
casts with the updated Integrated Forecasting System.
CAMS combines information from in situ and satellite obser-
vations with computer models of the atmosphere to gen-
erate the most accurate estimate possible of atmospheric
gases and aerosols. CAMS validation is carried out period-
ically and coordinated by the Royal Dutch Meteorological
Organization?’2. Innes et al.?° evaluated the performance
of CAMS reanalyses by comparing previous versions, and
Wang et al.*° validated CAMS using aircraft measurements
in different parts of the world, including Brazil.

For the analyses of this study and the spatiotempo-
ral characterization of the variability of daily exposure in
Salvador, the daily average of PM2.5 from 2011 to 2016
was considered.

Data on deaths

The investigated health outcome was the total number
of daily deaths from all non-accidental causes. The data on
deaths were those made available in the Mortality Informa-
tion System (Sistema de Informacdo sobre Mortalidade - SIM)
through the Information Technology Department of the
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Brazilian Unified Health System. Accidental causes, those
recorded in the death certificate as the underlying cause
classified according to codes SO0 to T98, VO1 to Y98, Z00 to
799, U0O0 to U99 (ICD10) were excluded from the analyses.

Data analysis

Agreement measurements

The agreement between the daily PM2.5 data modeled
from SISAM and the measured data from Cetrel monitoring
stations was investigated using the t-test for paired sam-
ples, the Bland-Altman®* method, and the concordance cor-
relation coefficient®2%, The paired t-test was used to assess
differences between measurement methods regarding
systematic bias. The Bland-Altman method consists of the
scatter plot between the differences (Difference=PM2.5 SI-
SAM - PM2.5 Measured) and the means [Mean=(PM2.5 SI-
SAM-PM2.5 Measured)/2]. In this method, means are used
as estimates of the actual PM2.5 value and, therefore, it is
possible to investigate the relationship of errors with the
actual PM2.5 value. The method also presents the limits
of agreement estimated using the mean of the differenc-
es (bias) and their standard deviation (sd), as bias+1.96sd.
The heteroscedasticity of the error was assessed by Pear-
son’'s correlation coefficient between the differences (Y)
and the means (X). The concordance correlation coefficient
(CCC) was used to assess how much the methods differ
from each other.

The analyses were performed using the R 3.4.2.2 pro-
gram3, epiR®> and blandr®¢ libraries. A 5% significance level
was adopted in the interpretation of the results of the hy-
pothesis tests.

Calibration of data from the Environmental
Information System Integrated with Environmental
Health (SISAM)

The daily time series of observed (Cetrel data) and
modeled (SISAM data) PM2.5 were compared using graphs
and descriptive statistics. Subsequently, the absolute dif-
ference indicator (A=PM2.50bserved, - PM2.5modeled)
was calculated.

In data calibration, it was proposed to define an addi-
tive term based on the mean of the absolute difference in-
dicator (4), in the period from 2011 to 2016. The calibrated
PM2.5 was calculated by the equation:

PM, scalibrated, = PMys, + X

Where:
f:@, PM, ., is the PM2.5 modeled from SISAM on day t;
and “n” is the total number of days in the period from 2011
to 2016.

This method was used to correct the bias observed in
the SISAM data.
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Statistical analysis

To evaluate the performance of SISAM data in epide-
miological studies in Salvador, an ecological study of daily
time series was proposed from 2011 to 2016. The health
effects based on data measured by fixed monitors were
compared with the effects estimated using calibrated SI-
SAM data.

In the time series analysis, generalized additive models
(GAM) were adjusted, considering the Poisson distribution
with a logarithmic link function, combined with the distrib-
uted lag model'®*”3%, The response variable was the daily
count of the number of deaths, and the explanatory vari-
ables were the calendar day indicator for trend and sea-
sonality adjustment, temperature, humidity, day of the
week indicator, national holiday indicator, and PM2.5.

The temporal trend and seasonality were adjusted in
the model by a thin plate spline, included in the regression
with 4 degrees of freedom (df) per year; the daily mean
temperature with a three-day lag (Lag 3) was adjusted by a
thin plate spline with 2 df; the daily mean humidity of Lag 3
was adjusted by a thin plate spline with 2 df. Several adjust-
ments were evaluated for the temporal trend and season-
ality, varying the type of spline and degrees of freedom (df:
4 to 6 per year). Likewise for temperature and humidity, in
which in addition to the daily means, the lags of Lag 1, Lag
2, and Lag 3 were evaluated. The choice of the number of
df and the best fit for the model was based on the Akaike
Information Criterion (AIC), on scatter plots of the deviance
and periodogram residuals. After choosing the best adjust-
ment for the trend and seasonality of weather, tempera-
ture, and humidity, the variables indicating day of the week
and national holiday were included.

As the effects of air pollution on mortality may occur
on the same day of exposure or on later days, PM2.5 was
adjusted by a distributed lag polynomial function. The ad-
justment considered a second-degree polynomial and a lag
of up to 30 days (lag 0-30). Moreover, single lag effects from
zero to five days were also estimated. The results were pre-
sented as relative risk (RR) and percentage increase in the
risk of death for each increase of 10 pg/m? of PM2.5 as well
as the respective 95% confidence intervals (95%Cl). Fur-
thermore, the exposure-lag-response curve of the effects
of PM2.5 on mortality accumulated over 30 days of expo-
sure was presented.

RESULTS

During the study period, the mean PM2.5 concentra-
tion, measured by Cetrel's fixed monitors and calculated
based on measured PM10 data, was 12.5 ug/m3, while
the modeled PM2.5 data from SISAM were, on average,
7.5 ug/m3+2.9 ug/ms3. The annual means of PM2.5, shown
in Figure 2A, exceeded the WHO recommendation for
an annual mean air quality of 5 ug/m? . An average of
35+6.1 non-accidental deaths were recorded per day. Fur-
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thermore, the mean daily temperature was around 26°C,
with relative humidity of 73% (Table 1). We found low cor-
relations of environmental variables with non-accidental
deaths (Figure 2B).

In Figures 3 and 4 we demonstrate the comparison of
the daily time series between the modeled SISAM data
and the mean concentrations of the measured PM2.5 data.
SISAM modeled data underestimated PM2.5 levels of Sal-
vador during the study period compared with the mean
measurements from Cetrel monitoring stations, with a sta-
tistically significant daily mean difference of 5.021 pg/m?
(p<0.001) (Figure 4). This result indicates a systematic bias.
Despite this underestimation, both data showed a similar
trend and seasonality pattern. The concordance correlation
coefficient was low, 0.20 (95%CI 0.18-0.22), suggesting little
agreement between the two data sources. During atypical
pollution events, when PM2.5 concentrations were above
30 pg/m?3, the discrepancy between SISAM measurements
and means of Cetrel monitors increased. The relative dif-
ference between the maximum values of the time series
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Figure 2. Annual means of data on particulate matter
with a diameter of less than 2.5 um (PM2.5) from the
Environmental Information System Integrated with
Environmental Health (SISAM) and monitoring stations
(A) and correlations with meteorological variables (B).
Salvador (BA), 2011 to 2016.
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Table 1. Summary statistics of daily data on exposure, meteorological, and health variables. Salvador, 2011 - 2016.

Daily measurements
Min. P25 P50 Mean P75 Max. var sd
PM2.5 (ug/m?3) - SISAM 1.3 5.6 71 7.5 9.0 26.2 8.4 2.9
PM2.5 (ug/m?3) - Fixed monitors 4.8 10.1 12.2 12.5 14.5 44.4 12.7 3.6
Temperature (°C) 22.0 25.3 26.4 26.3 27.4 29.3 1.9 1.4
Humidity (%) 59.1 69.1 72.2 73.0 76.3 93.5 31.2 5.6
Deaths from non-accidental causes 17.0 31.0 35.0 35.1 39.0 68.0 37.5 6.1

Min.: minimum value; Max.: maximum value; P25: 25th percentile; P50: 50th percentile; P75: 75th percentile; var: variance; sd: standard deviation.

(A) Scatter plot

(%]

(=1

-
.

PM2.5 SISAM (ug/m®)

10 20 30 40
PM2.5 Fixed monitors (ug/m®)

Fixed monitors: refers to PM2.5 data measured by monitoring
stations; SISAM: refers to SISAM estimated data.

Figure 3. Comparison between modeled data on
particulate matter with a diameter of less than 2.5 um
(PM2.5) (Environmental Information System Integrated
with Environmental Health — SISAM) and data
measured by monitoring stations (Fixed monitors).
Salvador (BA), 2011 to 2016.

was approximately 50%. For the cross-correlation between
the two time series, the correlation coefficient at lag 0 was
0.45, decreasing as the lag increased.

In Figure 3A, a positive relationship between the vari-
ables is observed. Overall, when PM2.5 concentrations
measured by monitoring stations increase, SISAM esti-
mates also increase. According to the analysis using the
Bland-Altman plot (Figure 3B), we verified that, although
most data points were within the limits of agreement, a sta-
tistically significant negative correlation (p=-0.23, p<0.001)
between the differences (Y) and the means (X) of the PM2.5
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measurements indicates heteroscedasticity of the errors.
This bias was more pronounced for mean values above
20 pg/m3, highlighting the need for calibration to increase
the accuracy of the estimates.

This bias was used as a correction factor for the SIS-
AM measurements. When adding 5.021 ug/m3, the cal-
ibrated series showed better alignment with the mea-
sured data, maintaining the variability of the original
SISAM data (Figure 4).

Although the results indicated a systematic bias for the
SISAM data and errors associated with the magnitude of
the mean PM2.5 estimate, when comparing the health ef-
fects, we observed no statistically significant differences
between the risk estimates based on the PM2.5 means
from the Cetrel fixed monitors and the calibrated PM2.5
data (Figure 5). For each 10 ug/m? increase in PM2.5, the
estimated risk of death was 0.5% (95%Cl -2.1-3.3%) associ-
ated with five-day lagged exposure.

The exposure-lag-response curves for the cumulative
effects of PM2.5 over 30 days indicated a low risk of death
in the first few days after exposure, with greater uncer-
tainty in the results derived from calibrated SISAM data
compared with data from the fixed monitors (Figure 6).
The concordance coefficient between the RR estimates of
the measured data and the calibrated data from SISAM
was 0.80 (95%CI 0.70-0.88), indicating good agreement be-
tween the risk measurements.

As most of the estimated RRs were not statistically sig-
nificant, we cannot state that exposure to PM2.5 is a risk
factor for mortality in Salvador during the studied period.

DISCUSSION

According to our results, we found a significant un-
derestimation of PM2.5 levels modeled by remote sens-
ing and the need for calibration to ensure data accuracy
in health risk assessment studies. Despite the identified
systematic bias and heteroscedastic errors, the SISAM
PM2.5 estimates were effectively adjusted by the pro-
posed simple calibration method, demonstrating the
potential of remotely sensed modeled data to provide
valuable information on air pollution exposure and its
health implications. The critical situation of air pollu-
tion in Salvador stands out, with PM2.5 levels exceeding
WHO guidelines®.
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*The mean difference between the SISAM data and the fixed monitors was 5.021 and the root mean square error (RMSE) was 6.1; the correction
consisted of adding this factor (5.021) to the SISAM data. The calibrated PM2.5 time series is in blue, with RMSE of 3.42.

Figure 4. Time series of daily data on particulate matter with a diameter of less than 2.5 um (PM2.5) from the
Environmental Information System Integrated with Environmental Health (SISAM) (original and calibrated)
measured by monitoring stations (PM2.5 Fixed monitors). Salvador (BA), 2011 to 2016.

*%RR: (relative risk -1)*100

Figure 5. Percentage change in risk (95% confidence interval) of deaths associated with a 10 ug/m?increase in levels
of particulate matter with a diameter of less than 2.5 um — PM2.5 (Fixed monitors and Environmental Information
System Integrated with Environmental Health — SISAM). Salvador (BA), 2011 to 2016.

Although the agreement between the mean data These results suggest that data from SISAM can be a re-
from fixed monitors and SISAM was low, we observed liable source for assessing the effects of air pollution on
high agreement regarding the effects estimated by the health, especially considering that the calibration of the
regression models, and the differences between the time series did not alter the trend, seasonality, and vari-
relative risk estimates were not statistically significant. ability of the series.
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Figure 6. Cumulative relative risk (RR) (95% confidence
interval) of deaths associated with a 10 pug/m?3
increase in the levels of particulate matter with a
diameter of less than 2.5 um — PM2.5 (Fixed monitors,
Environmental Information System Integrated with
Environmental Health — Calibrated SISAM). Salvador
(BA), 2011 to 2016.

The application of modeled data to assess air pollu-
tion exposure for health studies is a growing field within
epidemiology“®42. However, using modeled air quality data
without proper and site-specific validation may lead to un-
derestimations or overestimations of the health impacts
of air pollution. There are different calibration methods
for modeled data, such as the one proposed in this study,
which effectively corrected the distribution of the modeled
SISAM data*344,

Although most of the estimated risks were not signif-
icant, daily exposure to low concentrations of pollutants
represents long-term accumulated exposure that can im-
pact quality of life*>8, Time series epidemiological studies
have been used to quantify the health risks associated
with short-term exposure to air pollutants'". Authors of
a study conducted in Sdo Paulo found that PM10, NO,, and
CO pollutants were significantly associated with non-ac-
cidental and cause-specific deaths in both single lag and
cumulative lag models’®. For non-accidental mortality, in
Salvador, the estimated risk associated with exposure to
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PM2.5 was 0.5% (95%Cl -2.1-3.3) and, in the city of Sdo Pau-

lo, it was 0.6% (95%Cl 0.4-0.8%).

The SISAM platform should be highlighted, because it
operates according to open data principles. These data
contribute to air quality monitoring, risk communication,
and research into the impacts of air pollution on health
outcomes. Risk communication in Brazil is based on Res-
olution No. 491 of the National Environment Council (Con-
selho Nacional do Meio Ambiente - CONAMA), which uses as
a reference the air quality guide values recommended by
the WHO in 2005, which indicates the standard for daily
exposure to PM2.5 as 25 ug/m?3. This concentration was re-
viewed and updated by WHO in 2021 to the daily exposure
value of 15 pug/m3. For the period studied in Salvador, the
mean corrected PM2.5 value was 12.5 ug/m? and the max-
imum value was 31.2 ug/m?3. The maximum value exceed-
ed the WHO limit twice, which indicates a state of alert for
certain neighborhoods in Salvador, considering vulnerable
groups such as pregnant women, children under five years
of age, and people with comorbidities.

It is worth highlighting that the case study of the mu-
nicipality of Salvador is a local application, characterized
by stable meteorological conditions and low variability of
PM2.5 concentrations, factors that contribute to better re-
sults of satellite-modeled data for air quality assessments
in the region.

Although this satellite-modeled data tool has been
used in the United States of America since 2009 in en-
vironmental health studies®, some gaps should be dis-
cussed, such as:

1. Ground-level particulate matter concentrations are
specific measurements at fixed locations, which may
be more representative of the breathing zone com-
pared to the raw aerosol optical depth (AOD) value,
which represents the integration of the entire atmo-
spheric column;

2. Ground-level particulate matter concentrations are
continuously monitored (e.g., hourly, every three hours
over a 24-hour period), whereas AOD is measured as
the satellite passes, which is typically once a day for the
most frequently used instruments; therefore, the satel-
lite-derived measurement does not necessarily repre-
sent the variability at each location;

3. For health studies, it is important to know the composi-
tion of the particulate matter, as this helps understand-
ing the toxicity to human health, and the modeled da-
tum does not allow this knowledge;

4. Satellite data is underrepresented on days with high
cloud cover, as this masks data retrieval abilities.

In this sense, Salvador is a privileged city, because it
presents low variability in meteorological parameters that
can interfere with AOD measurements and their modeling.
Data from the SISAM platform for the municipality of Salva-
dor are valid for estimating the health risks of exposure to
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PM2.5 through time series models, although they underes-
timate the mean daily concentration of the pollutant. Thus,
in this study we highlight the underestimation of PM2.5 lev-
els by SISAM and recommend the application of a correc-
tion factor of 5 ug/m3to improve accuracy. Although there
are uncertainties inherent in modeled data, as is the case
with SISAM, it is worth noting that the platform is still one of
the best for air quality studies when continuous monitoring
with advanced sampling techniques is not possible.
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Objetivo: Avaliar o desempenho das concentra¢des de material particulado com diametro inferior a 2,5 pm (PM2,5) derivadas de
satélite em comparacdo com medicoes de estacdes de monitoramento no municipio de Salvador, bem como as implicaces dessas
estimativas para as associa¢Ses de PM2,5 com a mortalidade didria ndo acidental. Métodos: Trata-se de estudo de séries temporais
diaria que cobre o periodo de 2011 a 2016. Foi proposto um fator de corre¢do para melhorar a acuracia entre as duas fontes de
dados. Os efeitos do PM2,5 foram estimados em modelos aditivos generalizados de Poisson, combinados com uma abordagem de
defasagem distribuida. Resultados: Os resultados sugerem que os dados derivados de satélite subestimaram os niveis de PM2,5
em comparag¢do com as medi¢cBes médias terrestres. No entanto, a aplicagdo de um fator de corre¢ao melhorou a acuracia entre os
dados. Os riscos relativos estimados com base nos dados derivados de satélite ndo apresentaram diferencas significativas quando
comparados com agueles baseados nas médias dos monitores. Conclusdo: O estudo destaca a importancia de validar dados de
PM2,5 modelados por satélite para avaliar e compreender os impactos na salde. O desenvolvimento de modelos que utilizam
sensoriamento remoto para estimar PM2,5 permite a quantificacdo dos riscos a salde decorrentes da exposicdo.

Palavras-chave: Poluicdo do ar. Sadde publica. Séries temporais. Sistemas de informagoes.
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