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Urban cemeteries are increasingly surrounded by areas of high residential density as urbanization con-
tinues world-wide. With increasing rates of mortality caused by the novel coronavirus, SARS-CoV-2,
urban vertical cemeteries are experiencing interments at an unprecedented rate. Corpses interred in
the 3rd to 5th layer of vertical urban cemeteries have the potential to contaminate large adjacent regions.
The general objective of this manuscript is to analyze the reflectance of altimetry, normalized difference
vegetation index (NDVI) and land surface temperature (LST) in the urban cemeteries and neighbouring
areas of the City of Passo Fundo, Rio Grande do Sul, Brazil. It is assumed that the population residing
in the vicinity of these cemeteries may be exposed to SARS-CoV-2 contamination through the displace-
ment of microparticles carried by the wind as a corpse is placed in the burial niche or during the first sev-
eral days of subsequent fluid and gas release through the process of decomposition. The reflectance
analyses were performed utilizing Landsat 8 satellite images applied to altimetry, NDVI and LST, for
hypothetical examination of possible displacement, transport and subsequent deposition of the SARS-
CoV-2 virus. The results showed that two cemeteries within the city, cemeteries A and B could potentially
transport SARS-CoV-2 of nanometric structure to neighboring residential areas through wind action.
These two cemeteries are located at high relative altitudes in more densely populated regions of the city.
The NDVI, which has been shown to control the proliferation of contaminants, proved to be insufficient in
these areas, contributing to high LST values. Based on the results of this study, the formation and imple-
mentation of public policies that monitor urban cemeteries is suggested in areas that utilize vertical
urban cemeteries in order to reduce the further spread of the SARS-CoV-2 virus.

� 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Urban cemeteries, according to Abia et al. (2019) and Neckel
et al. (2021) have been recognized as potential pollutant reservoirs,
responsible for directly contaminating the environment as the
corpses interred within decompose. This pollution has the poten-
tial to negatively compromise the health of the population residing
in neighborhood areas directly adjacent to the cemetery. The nat-
ural process of decay attracts insects which create larval masses
once their eggs hatch on the decaying material (Mikszewski
et al., 2021). The process also produces odors and releases volatile
gases into the immediate atmosphere, some of which harm human
health (Zorzi et al., 2021). Nanoparticles are extremely susceptible
to transport by the wind, having been shown to remain airborne
and travel for thousands of kilometers under certain circumstances
(Blanar and Prada-Tiedemann, 2020).

The gases emitted by cadavers originate from microorganisms
that decompose organic matter, producing 400 types of chemical
and gaseous compounds, some of which are extremely toxic to
tion by
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humans (Balta et al., 2020; Blanar and Prada-Tiedemann, 2020).
Neckel et al. (2021) demonstrated that the lack of treatment of
these gaseous elements leads to the accumulation of contaminants
in the localized atmosphere as the natural process of decay pro-
ceeds. Silva et al. (2020), Duarte et al. (2021) and Oliveira et al.
(2021) warn that gases and other contaminants are added to Accu-
mulated Ultrafine Particles (UFPs) and Nanoparticles (NPs) that are
easily transported to other regions through wind action, spreading
these harmful contaminants far and wide.

It is worth remembering that cities with high levels of air pollu-
tion have low air quality, increasing the likelihood of COVID-19 for
humans exposed to the SARS-CoV-2 virus, and may also increase
the severity of the disease (Barcelo, 2020; Shao et al., 2021). Thus,
air pollution becomes a facilitator for the proliferation of SARS-
CoV-2, when viral particles are present in nanoparticles, together
in the gas structures dispersed in the air (Barcelo, 2020; Lalwani
and Gautam, 2021; Stern et al., 2021). The SARS-CoV-2 virus, UFPs
and NPs are all easily transported by wind as each has a diameter
less than 2.5 mm. This allows them to remain suspended in the
atmosphere for long periods of time (Barcelo, 2020; Cao et al.,
2021; Oliveira et al., 2021; Shao et al., 2021).

The World Health Organization (WHO) reported on October 16,
2020 that the SARS-CoV-2 world-wide COVID-19 pandemic had
reached 235 countries and had resulted in 1.09 million deaths
(Anand et al., 2021). By March 31, 2021, the global death toll had
exceeded 2.8 million. Nearly 318,000 of these deaths took place
SARS-CoV-2 in Brazil as of March 31st (WHO, 2021).

The COVID-19 has been shown to attack nearly every system in
the human body; however, the most deadly symptom to date con-
sists of acute respiratory distress syndrome SARS-CoV-2 (Cao et al.,
2021; Jansi et al., 2021; Moreno and Gibbons, 2021). As the SARS-
CoV-2 virus has traversed the globe in record time and infected so
many people, certain areas of the world are seeing infection and
death rates that overwhelm not only hospital services but also bur-
ial grounds.

According to Neckel et al. (2021), the vast majority of urban
cemeteries in Brazil consist of concrete mausoleum structures up
to five stories tall with row upon row of interment niches, one atop
another, referred to as vertical cemeteries. The practice of embalm-
ing is not widespread in Brazil, and the vast majority of bodies
decay naturally through skeletonization of the remains. The close
proximity of so many decaying corpses in these urban cemeteries
generate high levels of gas release (Neckel et al., 2021; Stern
et al., 2021).

The applicability of this study in the cemeteries of the City of
Passo Fundo, and its surrounding areas, is justified by considering
the greatly increased burial burdens presented by the COVID-19
pandemic. Calmon (2020) examined the increase of deaths in the
largest city in Latin America, São Paulo, Brazil, which exhibited a
30% increase in burials in 2020, and in just one urban cemetery
studied, an average of 100 burials were conducted daily. The
steady deposition of contaminated corpses, combined with the
microscopic size of the SARS-CoV-2 virus, the gaseous emissions
that occur in early stages of decomposition, and the elevation of
the burial structures hypothetically make it possible for airborne
particles containing active SARS-CoV-2 to leave the vicinity of
these urban cemeteries and enter adjacent residential areas.
Toscan et al. (2020) showed that the examination of an area’s
altimetry, normalized difference vegetation index (NDVI) and land
surface temperature (LST) made it possible to predict the likeli-
hood of particle transport. We utilize these methods to predict
the potential transport of SARS-CoV-2 from urban cemeteries to
surrounding regions.

SARS-CoV-2 Altimetry is applied in the area of geosciences,
when considering remote sensing in relation to the ability to assess
different terrestrial representations at local and global scales, thus
2

highlighting characteristics aimed at technical assessments, using
radar altimetric data, obtained through electromagnetic reflec-
tance waves captured by satellites (Rosmorduc et al., 2020;
Toscan et al., 2020). For Cazenave (2019) and Gasparin et al.
(2021), altimetry consists of high-precision geospatial technology,
made available by Remote Sensing techniques, in order to assist in
the topographic observation of the Earth’s surface, considering the
sea level as zero altitude (0), positive values of altitudes above sea
level and negative below sea level, phenomena that become
responsible for influencing the displacement and speed of the
winds, dividing the variation in altimetry.

The NDVI is a measure of living vegetation, whose value is
determined by the reflection of terrestrial chlorophyll
(Gozdowski et al., 2020; Moreno et al., 2020). According to
Ahmed and Singh (2020), Costa et al. (2020) and Moreno et al.
(2020), NDVI is captured by satellites, through the spectral features
of vegetation that emit wavelengths, represented by photosyn-
thetic pigments, derived from the internal structure and the
amount of water present in the vegetation. According to Li et al.
(2021) the countless conditions of the Earth’s surface climate
dynamics are captured by electromagnetic waves, which can vary
due to the presence of shadow, lighting geometry and meteorolog-
ical conditions in the atmosphere. This is able to influence the tem-
perature of terrestrial emissivity.

In this relationship, satellite images derived from the reflec-
tance captured by electromagnetic wavelengths become extremely
important to estimate the LST, resulting from data gathered on the
reflectance temperature of the Earth’s surface and the air temper-
ature, which enable spectral mapping the spatial distribution of
LST (Chatterjee et al., 2017; Sussman et al., 2019; Alexander,
2020; Guha et al., 2020; Cilek and Cilek, 2021; Li et al., 2021). These
emissivity temperature variations vary by the intensity of the wind
direction, inclination of incoming solar radiation and certain char-
acteristics of the surface elements that propagate in different elec-
tromagnetic wavelengths (Nega et al., 2019; Alexander, 2020; Das
and Das, 2020).

According to Alexander (2021) and Yang et al. (2021), the use of
LST is able to estimate terrestrial temperature in small, medium
and macro-regions. The LST displays color-code the temperature
of the Earth’s surface. Higher temperatures are represented on
maps in reddish tones, while lower temperatures are represented
by bluish tones (Zullo et al., 2019; Yang et al., 2021). Toscan
et al. (2020) highlight the importance of conducting studies in
urban cemeteries involving LST together with NDVI and altimetry,
as they interact together in the environment to impact circulation
of the wind.

Barcelo (2020) and Cao et al. (2021) have shown that the move-
ment of airborne SARS-CoV-2 ultrafine particles of gaseous ele-
ments can be hindered, slowed, or even stopped through the
presence of vegetation. Acting as a windbreak, the physical struc-
ture of vegetation serves as a natural barrier, slowing wind and
providing surface area for potential particle deposition. In the case
that these particles contain the SARS-CoV-2 virus, areas of high
NDVI may significantly slow viral proliferation through wind
action downwind of a contaminated source. Furthermore, Toscan
et al. (2020) point out that the presence of NDVI is a catalyst for
the temperature of terrestrial emissivity. Elevated LSTs accelerate
the rate of decomposition of corpses in cemeteries. The timeframe
of gaseous release is particularly relevant when dealing with a
virus that has a limited lifespan outside of its host or within a
deceased host.

The general objective of this manuscript is to analyze the reflec-
tance of altimetry, normalized difference vegetation index (NDVI)
and land surface temperature (LST) in the urban cemeteries and
neighbouring areas of the City of Passo Fundo, Rio Grande do Sul,
Brazil. The study appropriated previously unpublished satellite
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images made available directly by NASA and USGS, which demon-
strates the high degree of reliability and novelty of the geospatial
applications carried out in this manuscript. The altimetry is ana-
lyzed in relation to the terrestrial dynamics of emissivity, in order
to determine the possibility of exposure of the resident population
living near these cemeteries to SARS-CoV-2 viral particles through
the displacement of ultrafine particles, shed by the recently
deceased and interred, and easily transported by the wind.

2. Materials and methods

2.1. Study area

The City of Passo Fundo is located in the Northwest region of the
State of Rio Grande do Sul (far southern region of Brazil). It com-
prises an area of just under 781 km2 and has an estimated 2021
population of just over 203,000 residents. The resulting demo-
graphic density of the city is roughly 385 residents / km2 (IBGE,
2021). The City of Passo Fundo has an average annual growth rate
of 1500 new inhabitants. This is due to the presence of industry,
agribusiness, education and healthcare which together provide
manpower and direct and indirect services that favor the develop-
ment of the local economy (IBGE, 2021).

The climate of Passo Fundo is classified as being located in the
fundamental temperate (C) and humid fundamental (f) climactic
zone, with an average summer temperature above 22 �C (the aver-
age annual wind speed is 4.1 m/s (NE)), ranging from 660 to 700 m
in height (Bonatti et al., 2019; Wanderley et al., 2019; Embrapa,
2021; Maroni et al., 2021). The native ecosystem in this area con-
sists of the vegetation of the Atlantic Forest, with arboreal speci-
men of mixed rainforest, which currently only exists in
fragmented areas outside of the urban perimeter (Neckel et al.,
2020; Maroni et al., 2021). Much of Passo Fundo is surrounded
by areas of agricultural production.

Passo Fundo contains five urban cemeteries within the city lim-
its: Vera Cruz (A), Petrópolis (B), Ribeiros (C), Jardim da Colina (D)
Fig. 1. Map of Passo Fundo, RS (southern Brazil) and its five u
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and Roselândia (E) (Fig. 1). Cemeteries C, D and E are located
mainly on the outskirts of the modern city. Cemetery A was
founded in January 1902, whereas cemetery B first opened in the
mid 1960s. At the time of their construction, neither cemeteries
A nor B were surrounded by residential areas. As the city has
grown and expanded, both now find themselves surrounded by
very dense residential areas. As the city continues to grow, this will
also happen to cemeteries C, D and E.

The urban cemeteries of Passo Fundo, like all others on a global
scale, play an indispensable role in meeting the burial demands of
the local population. Throughout Brazil today, there are fewer and
fewer spaces available for interment in urban cemeteries (Neckel
et al., 2021). In 2019 Passo Fundo recorded a total of 3988 deaths.
Current projections by the city’s Health Department predict SARS-
CoV-2 this number will increase by 20.4% in 2021, largely due to
COVID-19 (PMPF, 2021).

2.2. Analytical methods

Analysis of the altimetry conditions, NDVI and LST applied
to the urban cemeteries of Passo Fundo were delimited in radii
extending 100, 300 and 500 m from the geographic center of
each cemetery (point 0), following the distance parameters laid
out by Neckel et al. (2017), Toscan et al. (2020) and Neckel
et al. (2021), which determined a maximum potential radius
of contaminant release by urban cemeteries at 500 m. This dis-
tance does not apply to UFPs, NPs or gaseous compounds/ele-
ments, which can travel great distances through wind action
(Oliveira et al., 2021). These ultrafine particles are also capable
of carrying the SARS-CoV-2 virus (Anand et al., 2021; Cao
et al., 2021; Shao et al., 2021). For a better visualization of
the analyzed perimeter, the Google Satellite background images
were used during the preparation of the maps in the QGIS
software. The spectral reflectance on the maps were generated
from unpublished satellite images made available by NASA and
USGS.
rban cemeteries. Source: Based on data from IBGE (2021).



Table 1
Equations made from the use of Landsat 8 images, using Bands 4 and 5 for Near
Infrared Sensors (NIR) and band 10 for the use of the Thermal Infrared Sensor (TIRS).

Eq. Formula Equation variables

(1) Lʎ = ML * Qcal + AL Lʎ – Spectral radiance of the sensor
ML – Scaling factor (0.0003342)
Qcal – Band 10 image
AL – Adaptive value specific to the
scale of the rescaling factor (0.1)

(2) BT = {k2 / [ln *(K1/ Lʎ) + 1]} –
273.15

BT – Brightness Temperature
K1 – Band-specific constant
conversion value (774.89)
k2 – Band-specific constant
conversion value (1321.08)
Lʎ – Result of the first raster
calculation (raster = TOA)
ln – Raster calculator operation
273.15 – Value to convert
temperature in Kelvin to �C

(3) NDVI = (NIR – RED) /
(NIR + RED)

NDVI – Normalized Difference
Vegetation Index
NIR – Near infrared
RED – Bands of red

(4) Pv = Square (NDVI - NDVI MIN)
/ (NDVI MAX - NDVI MIN)

Pv – Proportion of vegetation
NDVI – NDVI raster
NDVI MIN – Minimum NDVI value
NDVI MAX – Maximum NDVI value

(5) Ɛʎ = Ɛvʎ* Pv + Ɛsʎ (1- Pv) + C ʎ Ɛʎ – Calculated emissivity
Ɛvʎ – Emissivity of vegetation
Ɛsʎ – Emissivitiy of soil
C ʎ – Surface roughness
Pv – Proportion of vegetation

(6) p = h (c/ r) r – Boltzmann constant (1.38 � 10-
23 J/K)
h – Plank’s constant (6.626 � 10-34)
c – The speed of light (2.998 � 108

m/s)
(7) LST = BT / {1 + [(ʎ*BT/ q)*ln*Ɛʎ]} LST – Land Surface Temperature

Ts – Emissivity correlation (in oC)
BT – At-sensor raster (in oC)
ʎ – Wavelength of the emitted
radiance (10.985)
Ɛʎ - Calculated emissivity (ítem 6)
ln – Operation raster calculator
q – 1.4388
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In this study, the physical dynamics of the environment related
to altimetry, NDVI and LST were structured in a sequential manner
dependent on the dates that Landsat 8 satellite images of the area
were available, together with image treatment, data collection and
statistical treatment of spectral data (USGS, 2021). The procedures
for LST analysis were performed using data from the Landsat 8
satellite, with band 10 of the TIRS sensor. To understand the cli-
mactic dynamics of temperature in the urban cemeteries of Passo
Fundo in relation to their surrounding areas, tools from QGIS
2.18 software were used to insert satellite images provided by
the U.S. Geological Survey (USGS) in coordination with the
National Aeronautics and Space Administration (NASA), which
operates and distributes data from Landsat 8 satellites on a global
scale (USGS, 2021). According to Rodriguez-Galiano et al. (2012)
and Chemura et al. (2017), the Landsat 8 satellite images provide
remote sensing data in order to facilitate the monitoring of the
total reflectance of the Earth’s surface. Since the choice of types
of Landsat 8 satellite images worked on in this study prioritized
the absence of cloud cover and the location of the images on path
220 and on line 80, images obtained on April 8, 2013 and March 17,
2020 were utilized. The images went through the redesign process
using Datum bands of origin WGS 84 UTM 22N for the Datum Sir-
gas 2000 UTM 22S.

The analysis of the soil altimetry used images from Landsat 8
superimposed on the raster background of the Shuttle Radar
Topography Mission (SRTM) program, with a 30 m spatial resolu-
tion, obtained from the USGS and projected along the base of the
ground. Earth Explorer is where altimetry dimensions on the ter-
restrial plane were represented. The image utilized is identified
as SRTM1S29W053V3, with a date of acquisition of February 11,
2020. The collection of attributes and values of the raster layers
were performed using the Plugin Point Sampling Tool. For this, a
layer of points was created, located at specific distances
(Nascimento et al., 2021). The geographic central point of each
cemetery was identified and radii of 100, 300 and 500 m were
measured. The plugin created a new layer of points with locations
given by the sampling points and attributes taken from the raster
cells.

The climactic mappings referring to the LST were elaborated
based on the information derived from the Landsat 8 data, for
the calculation of the spectral radiance of the opening sensor
in watts (Eq. (1) in Table 1), used the images of Bands 4 and
5 for Near Infrared Sensors (NIR) and band 10 for the use of
the Thermal Infrared Sensor (TIRS). Afterward, the Gray Level
(NC) image was converted to reflectance radiance (Table 1)
(Rodriguez-Galiano et al., 2012; Vanhellemont, 2020). For the
conversion of radiance to reflectance (Brightness temperature -
BT) (Eq. (2) in Table 1), the digital numbers (DN) were converted
to reflection using the data from the TIRS band in the form of
spectral radiance for the reflectance temperature. Two constant
variables were used, with the following metadata: the value K1
and K2, with the use of an algorithm to convert the reflectance
to reflectance temperature (Rodriguez-Galiano et al., 2012;
Toscan et al., 2020).

The NDVI method for correction of emissivity reflected by the
vegetation existing both in the cemeteries of Passo Fundo and their
surrounding areas, used the calculation of Eq. (3) (Table 1), which
refers to the importance of the factor to infer the general condition
of the vegetation, with the use of Bands 4 and 5 based on the NIR
(Rodriguez-Galiano et al., 2012; Chemura et al., 2017). Then, based
on Rodriguez-Galiano et al. (2012) and Chemura et al. (2017), the
calculation of the proportion of vegetation was used: Pv is calcu-
lated according to Eq. (4) (Table 1).

The earth surface emissivity calculation (Eq. (5)) represented
by Table 1 was applied, as it is necessary to understand the Earth
surface emissivity (Ɛ) to know how to estimate the LST, since the
4

Earth surface emissivity is a proportionality factor of the black-
body’s brightness (Planck’s law) to predict the emitted brightness,
and is the efficiency of transmitting thermal energy over the sur-
face in the atmosphere (Rodriguez-Galiano et al., 2012; Chemura
et al., 2017; Zullo et al., 2019; Toscan et al., 2020). The variance
analysis of reflectance demonstrates the difference in surface
temperature, altimetry and NDVI. The study warns of possible
SARS-CoV-2 virus contamination based on the literature, being
related to urban cemeteries as a possible source of viral
proliferation.

Through statistical analysis (mean analysis) it was possible to
tabulate these quantitative data, whose values were represented
in an Excel spreadsheet (database), with the help of JASP software,
version 0.13.01, through the analysis of descriptive statistics (King
and Eckersley, 2019; Herbst et al., 2020). In this sequence, Pear-
son’s correlation analysis was generated, capable of generating val-
ues for ‘‘r” between 1 and �1, with values close to zero meaning
null correlation, with no influence between variables. The closer
the value was to 1 meant that the increase of one variable causes
the increase of the other. Meanwhile, values close to �1 means
that increasing one variable decreases the other. As for interpreta-
tion, the correlation from 0.00 to 0.19 is considered very weak, 0.20
to 0.39 is weak, 0.40 to 0.69 is moderate, 0.70 to 0.89 is strong and
0.90 to 1 is very strong (Bermudez-Edo et al., 2018; Edelmann
et al., 2021). Statistically the study showed high significance
among the analyzed variables.
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3. Results and discussion

3.1. Altimetry applied to urban cemeteries and the surrounding area

The altimetry analysis using Landsat 8 satellite data from 2020
show that the Vera Cruz (A) and Petrópolis (B) cemeteries are sit-
uated among the highest elevations found in the City of Passo
Fundo. Cemeteries Ribeiros (C), Jardim da Colina (D) and Roselân-
dia (E) meanwhile, are located at lower topographic levels
(Fig. 2). Costa et al. (2010) and Toscan et al. (2020) have shown that
altimetry is an important factor in the analysis and understanding
Fig. 2. Altimetry maps, using the Landsat 8 satellite from 2020, projected on Google Eart
500 m) in Passo Fundo / RS. Cemeteries: Vera Cruz (A), Petrópolis (B), Ribeiros (C), Jardim
USGS (2021), with overlay on Google Earth images (2021).

5

of dynamics of relief in relation to its influence on the exposure of
winds that move with greater intensity in terrestrial environments
at higher attitudes. These stronger winds have a tendency to dis-
perse contaminants susceptible to wind action found within a
given area.

Silva et al. (2020) and Oliveira et al. (2021) highlight that wind-
borne atmospheric contaminants tend to accumulate in UFPs and
NPs (Fig. 3A). This displacement of atmospheric UFPs and NPs
((Cao et al., 2021) Anand et al., 2021; Shao et al., 2021), may pro-
vide a vector on which the SARS-CoV-2 virus can travel to sur-
rounding communities. Zhu et al. (2020), has shown that the size
h images, applied to urban cemeteries and their surroundings (radii of 100, 300 and
da Colina (D) and Roselândia (E). Source: Adapted from the IBGE database (2021),



Fig. 3. Representation of the structure of UFPs and NPs (A) and SARS-CoV-2 (B). Source: Image representing the SARS-CoV-2 adapted from Zhu et al. (2020) and Shao et al.
(2021), and the representation of UFPs and NPs adapted from Oliveira et al. (2021).
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of this virus is in fact ten thousand times thinner than a human
hair (Fig. 3B). This small size allows this virus to agglomerate in
particles suspended in the air. Microscopic particles that contain
viruses can be absorbed into the human body and cause infection
by: eating contaminated food and/or water; inhalation of these
particles through the airway; and dermal absorption through the
skin (Romer et al., 2011; Bakshi, 2020; Leung and Sun, 2020;
Silva et al., 2021; Shao et al., 2021).

The greater the intensity of the winds that pass through the
structures comprising urban cemeteries, the greater the potential
exposure to the population living in the immediate vicinity to
viruses, fungi and bacteria liberated through the decay of corpses
(Toscan et al., 2020; Cao et al., 2021; Neckel et al. 2021). In addition
to being located at some of the highest elevations in the City of
Passo Fundo, SARS-CoV-2 cemeteries A, 681 m in elevation, and
B, 702 m in elevation (Fig. 4) are also surrounded by areas with
the highest population densities of all the cemeteries examined
in this study due both to their age and location deep within the
urban fabric of Passo Fundo.
Fig. 4. Altimetric profiles in the period of 2020 of urban cemeteries (point Zero (0)) and
Vera Cruz (A), Petrópolis (B), Ribeiros (C), Jardim da Colina (D) and Roselândia (E).

6

Cemeteries A, B and C also exhibit greater potentials for natural
ventilation, favoring the dispersion of odors (gases) originated by
the decomposition of the high concentration of corpses within
the cemeteries and being transported to the neighboring areas by
the wind (Ghassoun et al., 2019). Regarding the emission of gases
in the vertical urban cemeteries examined in this study, no form
of treatment was in place to treat these gaseous emissions. Accord-
ing to (Cao et al., 2021), a comprehensive urban station with
instrumentation for monitoring gases and particulates emitted by
cemeteries does not yet exist. The development and implementa-
tion of such an instrument would be of great use in order to mon-
itor the gaseous contaminants produced by these cemeteries.

According to Neckel et al. (2021) vertical urban cemeteries, gen-
erally do not treat gases with biological filters as this would require
the incorporation of a plumbing system that funnels gases pro-
duced during decomposition through a biological filter. The ceme-
teries examined in this study were all constructed prior to the
availability of such technology, and at a time when gaseous emis-
sions were not necessarily recognized to be harmful. Hino (2015)
their surroundings (radius of 100, 300 and 500 m) in Passo Fundo / RS. Cemeteries:
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examines the production and release of gases such as methane
(CH4) during the putrefaction process. As no filters are in place in
these urban cemeteries, these gases and particulates are released
directly into the open air, traveling directly into adjacent areas
via wind action (Hino, 2015). The risk of SARS-CoV-2 viral contam-
ination increases for the population who live in the immediate
vicinity of these cemeteries. Although this virus is only viable for
a limited time in the ambient environment, depending on environ-
mental conditions, the near constant interment of contaminated
corpses in cities undergoing severe outbreaks and large numbers
of deaths presents a regular and steady source of fresh virus.
Fig. 5. NDVI maps, using the Landsat 8 satellite from 2013, projected on Google Earth
500 m) in Passo Fundo, RS. Cemeteries: Vera Cruz (A), Petrópolis (B), Ribeiros (C), Jardim
USGS (2021), with overlay on Google Earth images (2021).
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Drageset (2019) highlights the importance of topography when
examining the dynamics and intensity of wind speeds on Earth’s
surface. Comparing our altimetry data with results presented in
the published literature, the preeminent influence on the wind
intensity of a given area and its ability to transport UFPs and NPs
SARS-CoV-2 is altitude (Cao et al., 2021; Oliveira et al., 2021). To
reduce some of the negative impacts on the health of the popula-
tion who reside in close proximity to these urban cemeteries, the
authors suggest improving natural ventilation in the area of direct
influence of these cemeteries through the implementation and
maintenance of green space (Neckel et al., 2020). Evensen et al.
images, applied to urban cemeteries and their surroundings (radii of 100, 300 and
da Colina (D) and Roselândia (E). Source: Adapted from the IBGE database (2021),
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(2017) and Rae (2021) concluded that it is necessary to implement
and maintain green areas in order to alleviate problems with odors
and gaseous emissions in cemeteries located within the urban
environment.

3.2. Normalized difference vegetation index (NDVI) applied to urban
cemeteries and their surrounding areas

The NDVI analysis took into account all forms of vegetation,
undergrowth and trees present in the cemeteries of Passo Fundo
Fig. 6. NDVI maps, using the Landsat 8 satellite of 2020, projected on Google Earth image
in Passo Fundo, RS. Cemeteries: Vera Cruz (A), Petrópolis (B), Ribeiros (C), Jardim da Co
(2021), with overlay on Google Earth images (2021).

8

in relation to their surrounding areas, between 2013 and 2020.
Neckel et al. (2020) concluded that decreases in urban vegetation
densities were directly correlated with increases in population
density and the urbanization of the built environment, which gen-
erally suppresses existing urban vegetation. The NDVI analysis is
justified, in this study, in order to define the existing levels of
urban vegetation through reflectance, to establish a baseline for
the application of future public policies which regulate urban pro-
jects and allocate the need for trees and other vegetation as an area
urbanizes (Guyot et al., 2021).
s, applied in urban cemeteries and their surroundings (radii of 100, 300 and 500 m)
lina (D) and Roselândia (e). Source: Adapted from the IBGE database (2021), USGS
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In the first analysis of the 2013 NDVI data (Fig. 5A, B), the lowest
overall vegetative cover was located in cemeteries A and B due to
the intense urbanization of their surroundings. Cemeteries C, D and
E had higher overall NDVI rates due to the lower levels of urbaniza-
tion and greater prevalence of vegetation in their vicinities. Neckel
et al. (2020), Gavito et al. (2021) and Guyot et al. (2021) highlight
the consistent loss of vegetative cover as unregulated urbanization
progresses.

Analysis of the 2020 NDVI data set showed a marked decrease
in NDVI due to urbanization for cemeteries A and B (Fig. 6). Ceme-
tery C displayed a moderate NDVI index, whereas cemeteries D and
E displayed the highest overall NDVI values. The largest area of low
NDVI in the vicinity of cemetery E resulted from the implementa-
tion of a new housing subdivision. The presence of vegetation
around cemeteries is very beneficial in terms of sanitation and
hygiene as the vegetation serves as an air purifying agent in addi-
tion to a physical barrier to the transport of UFPs and NPs through
the air.

Cemeteries A and B exhibit a more uniform NDVI that is clo-
ser to zero (0) due to the high urbanization rates in the urban
fabric of the city. In the profile of cemetery A (Fig. 7), the high-
est NDVI rating is due to a fragment of forest known as Ban-
hado da Vergueiro Park. This highlights the findings of Neckel
et al. (2020) and Toscan et al. (2020) who highlighted the
importance of the existence of urban parks as an effort to raise
NDVI and improve the health and quality of life for the local
population.

Compared to cemetery A, cemetery B is surrounded by a less
uniform urban fabric, with parcels of undeveloped land covered
in vegetation. In addition, cemetery B is located in close proximity
to the Passo Fundo River. Fig. 7 shows that cemeteries C, D and E all
have very low vegetative cover in close proximity to their geo-
graphical centers as compared to distances further out, allowing
for virtually unimpeded wind flow and potential contaminant
spread SARS-CoV-2. It is therefore necessary to carry out LST stud-
ies to better understand urban dynamics based on the conse-
quences of altimetry and variations in vegetation density which
can influence the transport of nanoparticles through winds
(Toscan et al., 2020).
Fig. 7. Comparison of 2013 and 2020 NDVI profiles of Passo Fundo’s five urban cemeter
Vera Cruz (A), Petrópolis (B), Ribeiros (C), Jardim da Colina (D) and Roselândia (E).
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3.3. Land surface temperature (LST) of urban cemeteries and their
surrounding areas

Figs. 8 and 9 display the LST data analyzed for 2013 and 2020,
respectively. A significant difference is shown between the two
data sets for all cemeteries analyzed. Cemeteries A and B display
higher overall LST values more uniformly dispersed throughout
as opposed to locations with fragments of vegetative cover or Per-
manent Preservation Areas (PPAs) (Fig. 8A, B). He et al. (2020) sim-
ilarly showed that areas in the vicinity of water resources and PPAs
exhibited lower overall terrestrial temperatures (cemetery B).

Cemeteries C, D and E, each located on the outskirts of the cur-
rent city, remain in close proximity to agricultural activity on the
urban border, resulting in decreasing uniformity of LST values from
C to D to E (Fig. 8C, D, E). As urbanization progresses in these vicini-
ties, we expect the LST graphs of cemeteries C, D and E to more clo-
sely resemble those of cemeteries A and B. Terrestrial temperatures
generally increase as the built environment expands, an effect
known as the heat island effect. One potential solution to this
would be the implementation of regulations accompanying a city’s
growth that require the preservation and incorporation of green
spaces, thereby mitigating negative health impacts caused by
increased temperatures (Duncan et al., 2019; Chi et al., 2020;
Sayão et al., 2020; Shi et al., 2021).

Fig. 9 displays the LST data analysis from the 2020 data set.
Again, cemeteries A and B displayed the most uniform yet higher
LST values when compared to 2013, with fragments of vegetation
and PPAs close to water resources displaying lower temperatures
(Fig. 9A, B). Cemetery C displayed the largest overall increase in
LST throughout the area between 2013 and 2020 (Fig. 9C) whereas
cemetery D displayed highly concentrated yet significant LST
increase mostly in the SW perimeter (Fig. 9D). This increase in LSTs
in both cemeteries C and D are attributed to a decrease in areas
with agricultural cultivation and an increase in development in
both of these locations in relation to 2013. Cemetery E also displays
this trend, although to a lesser degree (Fig. 9E).

Figs. 8 and 9 show that the internal cores of the cemeteries in
close proximity to the center exhibit lower overall rises in LST,
remaining somewhat static between 2013 and 2020. As outlined
ies (zero point (0)) and the surrounding (radii of 100, 300 and 500 m). Cemeteries:



Fig. 8. LST maps, using the Landsat 8 satellite from 2013, projected on Google Earth images, applied to urban cemeteries and their surroundings (radii of 100, 300 and 500 m)
in Passo Fundo, RS. Cemeteries: Vera Cruz (A), Petrópolis (B), Ribeiros (C), Jardim da Colina (D) and Roselândia (E). Source: Adapted from the IBGE database (2021), USGS
(2021), with overlay on Google Earth images (2021).
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in Abia et al. (2019) and Toscan et al. (2020), this decrease in sur-
face temperature of urban cemeteries occurs because there are no
tall structures to block the wind, only tombs, vaults and pits in
which the deceased are interred. This makes it possible for winds
to circulate easily and intensely throughout the cemetery, promot-
ing further cooling of the earth’s surface in these areas (Prangnell
and Mcgowan, 2009; Toscan et al., 2020; Wu et al., 2020). This
dynamic of cooling through convection is quite evident in the
urban cemeteries of Passo Fundo. The worrisome aspect of this
comes to light with the current pandemic, that these unimpeded
winds may potentially carry viral particles derived from the off
10
gassing of the recently deceased SARS-CoV-2 along with other con-
taminants present in the structures off-site by the wind.

In this context, starting from the zero point (0) that corresponds
to the geographic center of each of the urban cemeteries of Passo
Fundo, the following mean daily summer LSTs were recorded for
2013: 25.1 �C in cemetery A, 24.3 �C (B), 25.7 �C (C), 27.3 �C (D)
and 23.6 �C (E) (Fig. 10). By 2020, these mean daily summer LSTs
had increased to: 28.2 �C in cemetery A, 28.5 �C (B) and 28.6 �C
(C) (Fig. 10). Temperatures outside of the cemeteries’ boundaries
were consistently 3 �C above those recorded at each cemetery’s
zero point. For Adulkongkaew et al. (2020) and Alexander (2021),



Fig. 9. LST maps, using the Landsat 8 satellite from 2020, projected on Google Earth images, applied to urban cemeteries and their surroundings (radii of 100, 300 and 500 m)
in Passo Fundo, RS. Cemeteries: Vera Cruz (A), Petrópolis (B), Ribeiros (C), Jardim da Colina (D) and Roselândia (E). Source: Adapted from the IBGE database (2021), USGS
(2021), with overlay on Google Earth images (2021).
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the difference in variation of the measured LSTs is due to the
heterogeneity of the areas themselves, as different materials have
different reflectance properties, and therefore, different heating
capacities. The majority of the construction materials that make
up the tombs within the cemetery are of rather uniform
composition.

Fig. 10 highlights the significant rises and drops in the LST of the
three cemeteries (A, B and C) that are surrounded by the most
development overall. This trend is not displayed for cemeteries D
11
and E, the surroundings of which are far less urbanized. Highly
urbanized areas that contain many buildings of varying size that
block convection near the ground and paved, impervious areas that
re-radiate heat are typically higher in surface temperature than
more natural areas with ample vegetation and pervious ground.
Fig. 10 demonstrates this principle well.

These results agree with the findings of Duncan et al. (2019),
Alexander (2020), Chi et al. (2020), Guha et al. (2020), Toscan
et al. (2020) and Shi et al. (2021) which highlight the fundamental



Fig. 10. LST profiles in the period 2013 and 2020 of urban cemeteries (point Zero (0)) and their surroundings (radii of 100, 300 and 500 m) in Passo Fundo, RS. Cemeteries:
Vera Cruz (A), Petrópolis (B), Ribeiros (C), Jardim da Colina (D) and Roselândia (E).

Table 2
Analysis of Pearson’s correlation of significance in relation to altimetry, NDVI and LST in the urban cemeteries of Passo Fundo and their surroundings.

Variables Probability ALT (2020) NDVI 2013 NDVI 2020 LST 2013 LST 2020

1. ALT Pearson’s r – – – – –
p-value – – – – –

2. NDVI 2013 Pearson’s r �0.37327 – – – –
p-value 0.00002 – – – –

3. NDVI 2020 Pearson’s r �0.51983 0.80860 – – –
p-value 5.21897e�10 4.09971e�30 – – –

4. LST 2013 Pearson’s r �0.00937 �0.14918 �0.21445 – –
p-value 0.91743 0.09682 0.01633 – –

5. LST 2020 Pearson’s r 0.27676 �0.40650 �0.47088 0.62090 –
p-value 0.00178 2.55247e�6 2.99495e�8 1.12438e�14 –
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importance of urban studies that relate factors such as the influ-
ence of winds, degree of vegetative cover, altimetry and LST to fully
understanding the effects of urbanization.

3.4. Correlation applied in altimetry, NDVI and LST

The use of the Pearson correlation coefficient (Edelmann et al.,
2021), allowed for the distribution of variables whose results can
be both positive and negative in a random and finite way. Correla-
tion analysis was performed to further the understanding and
quantification of dependence strength between variables, with
the goal of understanding absolute values of differences, with cer-
tain variables expressed in measures. The study variables were
classified as: ALT 2020 (altimetry), NDVI 2013 and NDVI 2020,
LST 2013 and LST 2020. Using Pearson’s correlation, it became pos-
sible to analyze the similarity between the variables that show sig-
nificance, assuming values between �1 and 1, which make it
possible to analyze the relationship between significant variables
(Baak et al., 2020). The correlation (r) between two variables
(x + y = xy) in a linear fashion consists of a pure number (�1 to
+1), which can vary in certain correlation patterns according to
the type of significance, which consists of values of the result of
the correlation of the variables (Bermudez-Edo et al., 2018;
Edelmann et al., 2021).
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This study yielded weak correlations between altimetry (ALT)
(2020) and NDVI (2013 and 2020), of negative characteristic; indi-
cating that, as altimetry increases, the NDVI value decreases. This
makes ALT 2020 insignificant for the analysis as it presents only
a temporal scenario. The NDVI (2013 and 2020) and the LST
(2013 and 2020) have moderate and negative significance, with a
value of ‘‘r” equal to �0.40 and �0.47, respectively. This was
expected according to the specialized bibliography (Baak et al.,
2020; Edelmann et al., 2021). Altimetry and LST remain significant,
however yield a weak correlation value of ‘‘r” of 0.27 (Table 2).

As seen in Fig. 11, the dispersion between NDVI and LST show
the concentration of the data and the correlation between the
two variables, with the index ‘‘r” having a moderate correlation
value of �0.47. When analyzing the correlation between altimetry
and LST, there is a dispersion of the data, demonstrating that the
sampling error is greater in this relationship, thus, there are other
factors that influence the increase in the reflectance temperature of
the Earth’s surface. This reinforces the LST 2013 variable in Pear-
son’s correlation, with a significant ‘‘r” value of 0.277.

Pearson’s correlation made it possible to identify the degree
of significance between variables. It is also possible to identify
p- values, which determine significance when less than 0.05
(Bermudez-Edo et al., 2018; Edelmann et al., 2021). According
to Table 3, for the radius zero, p-value was significant in the



Fig. 11. Scatter plots of ALT 2020, NDVI 2013, NDVI 2020, LST 2013 and LST 2020 variables.
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correlation between altimetry and NVDI, yielding a value of
0.028 for the year 2013 and 0.027 for the year 2020, respec-
tively. Both variables presented moderate correlations, with an
‘‘r” index equal to �0.60.

An analysis radius of 100 m from the central geographic point of
the urban cemeteries examined yielded a significant p-value in
three correlations. Altimetry and NVDI (2013 and 2020) showed
a moderate degree of correlation with values of �0.56 and �0.65,
respectively in the cemeteries with the lowest rates of urbaniza-
tion (C, D and E) (Table 2). Further correlations were found within
a 300 m radius. LST 2020 and NDVI 2020 displayed a moderate
degree of correlation with a value of 0.65. Of the 500 m radii,
significant p-value correlation was found among three variables:
ALT and NDVI 2020, LST 2020 and ALT, and LST 2020 and
NDVI 2020.

Pearson’s correlation demonstrated that altimetry (2020) and
NVDI (2013), while presenting moderate indices, allow us to relate
that, the higher the altitude, the lower the density of vegetation. It
is understood that this result cannot be considered as a standard,
13
since the areas with the highest urban density is located in the area
with the highest altitude (around cemeteries A and B). Highly
urbanized areas contain little vegetation and thus present few
physical barriers to the potential movement of SARS-CoV-2 virus
particles.

These results in Pearson’s correlation (Table 3), show that
altimetry (2020) and NDVI 2020, LST 2020 and altimetry (2020),
and LST2020 and NDVI 2020 all have relationships capable of influ-
encing urban dynamics. This supports the conclusions of Toscan
et al. (2020), who state that altimetry, NDVI and LST should be con-
sidered in urban studies, especially given the wealth of data freely
available through satellite images. What makes it possible to
understand the relationships of altitude, vegetation and tempera-
ture, that they exert on cemeteries and in their surrounding area,
with direct influences, being subject to the proliferation of contam-
inants, released during the process of decomposition of buried
bodies, thus supposes a greater possibility of contamination by
SARS-CoV-2 as a result of urban cemeteries, not only considering
the city of Passo Fundo, but also a concern on a global scale.



Table 3
Analysis of Pearson’s correlation of significance in relation to altimetry, NDVI and LST in the urban cemeteries of Passo Fundo and their surroundings, within radii of 100, 300 and
500 m.

Pearson’s correlation analysis for radius 0 (point 0) - of the cemeteries analyzed

Variables Probability ALT (2020) NDVI 2013 NDVI 2020 LST 2013 LST 2020

1. ALT Pearson’s r – – – – –
p-value – – – – –

2. NDVI 2013 Pearson’s r �0.60639 – – – –
p-value 0.02801 – – – –

3. NDVI 2020 Pearson’s r �0.60832 0.97037 – – –
p-value 0.02738 3.95003e�8 – – –

4. LST 2013 Pearson’s r �0.52087 0.44625 0.35307 – –
p-value 0.06798 0.12638 0.23667 – –

5. LST 2020 Pearson’s r �0.28225 �0.05209 �0.17058 0.33603 –
p-value 0.35013 0.86580 0.57740 0.26164 –

Pearson’s correlation analysis for radius of 100 m

Variables Probability ALT (2020) NDVI 2013 NDVI 2020 LST 2013 LST 2020

1. ALT Pearson’s r – – – – –
p-value – – – – –

2. NDVI 2013 Pearson’s r �0.56724 – – – –
p-value 0.00014 – – – –

3. NDVI 2020 Pearson’s r �0.65499 0.94391 – – –
p-value 4.52276e�6 7.01996e�20 – – –

4. LST 2013 Pearson’s r �0.00405 �0.10471 �0.20789 – –
p-value 0.98021 0.52020 0.19801 – –

5. LST 2020 Pearson’s r 0.31856 �0.31103 �0.44596 0.65105 –
p-value 0.04513 0.05076 0.00392 5.39250e�6 –

Pearson’s correlation analysis for radius of 300 m

Variables Probability ALT (2020) NDVI 2013 NDVI 2020 LST 2013 LST 2020

1. ALT Pearson’s r – – – – –
p-value – – – – –

2. NDVI 2013 Pearson’s r �0.20797 – – – –
p-value 0.02801 – – – –

3. NDVI 2020 Pearson’s r �0.53420 0.75316 – – –
p-value 0.00038 2.05578e�8 – – –

4. LST 2013 Pearson’s r 0.13953 �0.25896 �0.40665 – –
p-value 0.39050 0.10663 0.00922 – –

5. LST 2020 Pearson’s r 0.42566 �0.57995 �0.68904 0.64929 –
p-value 0.00617 0.00009 8.83564e�7 5.82910e�6 –

Pearson’s correlation analysis for radius of 500 m

Variables Probability ALT (2020) NDVI 2013 NDVI 2020 LST 2013 LST 2020

1. ALT Pearson’s r – – – – –
p-value – – – – –

2. NDVI 2013 Pearson’s r �0.26561 – – – –
p-value 0.09762 – – – –

3. NDVI 2020 Pearson’s r �0.36930 0.70320 – – –
p-value 0.01902 4.19238e�7 – – –

4. LST 2013 Pearson’s r �0.12974 �0.27880 �0.21369 – –
p-value 0.42492 0.08149 0.18551 – –

5. LST 2020 Pearson’s r 0.14961 �0.48977 �0.42425 0.57926 –
p-value 0.35685 0.00134 0.00637 0.00009 –
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4. Conclusions

The manuscript highlights the analysis of the reflectance of
altimetry, NDVI and LST in urban cemeteries in a mid-sized city
in southern Brazil. The relationship between certain physical
dynamics may be contributing to greater spread of active SARS-
CoV-2 viral particles among areas of dense residential housing in
global scale. This study recommends future research on the moni-
toring of air quality in urban cemeteries, considering the physical
influences of altimetry, surface temperature and vegetation. This
study examined two cemeteries (A and B) built in the 20th century
at some of the highest elevations in the city and now surrounded
on all sides by dense residential neighborhoods with little natural
vegetation pose a greater risk of potentially spreading infectious
particles or contaminants than those at lower elevations and/or
on the outskirts of town not surrounded by dense urbanization
(C, D and E). The system was investigated using the dynamics of
14
altimetry, NDVI and LST in urban environments highlight the pos-
sibility of contaminants being released to the surrounding environ-
ment in urban cemeteries commonly utilized in many countries of
the world. Any burial practice in which a corpse is allowed to both
decompose without the use of embalming agents and remains
above ground or is placed in a tomb or niche that is not air tight,
has the potential to shed and spread particles and fluids as it
decays. This is of especially great concern during world-wide pan-
demics in which the rate of entombment is both high and steady
and the agent causing the disease is readily shed by those infected
with it after death.

We recommend to initiate immediate air monitoring around all
five cemeteries examined in this study (A, B, C, D and E) in order to
determine the presence of any potential disease causing agents,
including the SARS-CoV-2 virus. It is also recommended that the
City of Passo Fundo establishes guidelines and/or regulations for
all future construction projects in order to raise the levels of



Paloma Carollo Toscan, A. Neckel, Laércio Stolfo Maculan et al. Geoscience Frontiers xxx (xxxx) xxx
resulting NDVI once the project is complete, thus minimizing LST
and enhancing atmospheric filtration to enable a higher quality
of life for the resident population.

The results of this study point to the ease of proliferation of
SARS-CoV-2 virus in relation to the physical dynamics of the envi-
ronment. Thus, it is suggested that future research need to focus on
assessing the possible proliferation of SARS-CoV-2 virus in urban
cemeteries.
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