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Sulfur dioxide (SO,) pollution significantly threatens ecosystems and public health, particularly in highly industrialized regions.
This study evaluates the impact of suspending activities at the La Oroya Metallurgical Complex (CMLO, by its Spanish acronym),
one of the most relevant historical sources of SO, pollution in the Central Andes of Peru. Using remote sensing data (MODIS and
Ozone Monitoring Instrument [OMI]), temporal and spatial trends in the normalized difference vegetation index (NDVI) and SO,
concentrations were analyzed from 2000 to 2019. The results show an average reduction of 82.18% in SO, after the CMLO was
stopped, accompanied by a significant positive increase in the NDVI trend (p<0.05), which shows a recovery of the vegetation in
surrounding areas. Vegetation regeneration showed marked spatial patterns to the southwest and southeast of the CMLO,
influenced by the dispersion of pollutants through prevailing winds. However, the moderate relationship between the decrease
in SO, and NDVI (R* =0.10) suggests the influence of additional factors, such as the historical accumulation of heavy metals, water
scarcity, and the specific characteristics of high Andean soils and vegetation.
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1. Introduction

Atmospheric pollution by sulfur dioxide (SO,) is a serious
public health and environmental issue [1]. This pollutant pri-
marily originates from industrial processes, vehicle emissions,
and volcanic sources [2]. Additionally, SO, is a precursor to
fine particles (particulate matter [PM]2.5), significantly affect-
ing respiratory health [3]. SO, contributes to acid rain forma-
tion, damaging aquatic ecosystems, soils, and structures [4].
It also influences climate change by affecting aerosol forma-
tion, which, in turn, impacts solar radiation and the thermal
balance of the atmosphere [5].

Plants have efficiently absorbed, accumulated, and regu-
lated atmospheric SO, [6]. Vegetation effectively reduces air
pollutant concentrations, including PM, nitrogen oxides
(NO,), and SO,, with notable reductions in these pollutants
[7, 8]. Studies indicate that after reducing SO, emissions,
plants can recover their normal levels within one or two grow-
ing seasons [9]. This vegetation recovery can be monitored
using remote sensing at different spatial and temporal scales,
employing spectral indices like the normalized difference veg-
etation index (NDVI) [10]. Additionally, remote sensing can
assist with estimating key vegetation properties, such as pro-
ductivity and leaf area index (LAI), which are crucial for


https://orcid.org/0000-0002-4262-1505
https://orcid.org/0000-0003-3160-9268
https://orcid.org/0000-0002-4281-9036
https://orcid.org/0000-0003-0657-4024
https://orcid.org/0000-0003-4605-9422
https://orcid.org/0000-0003-1857-8399
mailto:deyvis.cano@udh.edu.pe
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1155%2Fadme%2F4732468&domain=pdf&date_stamp=2025-09-24

analyzing large-scale vegetation changes in response to envi-
ronmental factors related to climate and atmospheric altera-
tions [11].

A notable case of SO, pollution is the city of La Oroya,
located in the Central Andes of Peru and known as Latin
America’s first metallurgical city. La Oroya has been catego-
rized as one of the most polluted cities in the world [12]. In
2009, the Peruvian state suspended the activities of the La
Oroya Metallurgical Complex (CMLO) due to noncompliance
with environmental standards under the Environmental
Remediation and Management Program (PAMA) [13]. The
surrounding area consists of high-altitude ecosystems with
sparse vegetation, mainly composed of natural grasslands
and remnants of shrublands, attributed to the accumulation
of heavy metals and toxic gases such as SO, since 1922 [14].
Currently, part of the population of La Oroya, the central
government, and some private companies are making efforts
to reactivate the CMLO despite ongoing social and environ-
mental conflicts, focusing mainly on aspects that promote the
city’s economic development [15]. However, there is a sub-
stantial concern that if these efforts succeed, the public health
and environmental situation, particularly in surrounding
areas, may not be adequately considered, as there is no
large-scale territorial diagnosis on the impact of these pollu-
tants on ecosystems, especially vegetation [16].

Given this situation, it is crucial to assess the degree of
degradation and recovery of vegetation in this SO,-polluted
environment, which will help understand the effects of this
pollutant on vegetation in these ecosystems. In this context,
the present study aims to evaluate the impact of the suspension
of activities at the Metallurgical Complex on vegetation regen-
eration near the CMLO and the spatial and temporal dynamics
of the atmospheric pollutant SO,, using remote sensing. The
analysis will evaluate the NDVI trend for vegetation over
2000-2019 and SO, over 2005-2019. Additionally, a temporal
relationship analysis between NDVI and SO, will be con-
ducted to assess the extent of this pollutant’s impact on vege-
tation. This information is expected to help consider the effects
of pollution from this mining-metallurgical industry, as it is
associated with underlying conflicts between economic, social,
and environmental aspects.

2. Materials and Methods

2.1. Study Area. La Oroya is in the Junin region, in the central
part of Peru, approximately at 11.52°S latitude and 75.90°W
longitude. Known as the first metallurgical city in Latin Amer-
ica, La Oroya has unfortunately been classified as one of the
most polluted cities in the world. It is situated 3745 m above
sea level (Figure 1). It has two well-defined climatic seasons:
the dry season (from May to September) and the rainy season
(from October to April), with an average annual accumulated
precipitation of 1374 mm. Temperatures range between 2 and
12°C on average. La Oroya is a commercial city that is eco-
nomically dependent on mining and livestock farming and has
developed in adjacent districts. Steep and rocky hills with
sparse vegetation characterize the surroundings. However,
nearby areas feature vegetation from high Andean ecosystems,
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including grassland communities and remnants of shrublands
dominated by species such as Festuca dolichophylla, Stipa ichu,
and Stipa obtusa.

According to the global atmospheric reanalysis MERRA-2
(Modern-Era Retrospective Analysis for Research and Appli-
cations, Version 2), developed by NASA through the Global
Modeling and Assimilation Office (GMAO), using data from
the POWER Project Release 8 (available at: https://power.larc.
nasa.gov/data-access-viewer/), the winds in the CMLO study
area in La Oroya, reported during the year 2019, are charac-
terized as being relatively fast, with an average speed of
3.17m/s (Figure 2a). The predominant wind direction is
from northeast to southwest, with 24% of the time having
wind speeds ranging from 0.50 to 8.80 m/s (Figure 2b). Like-
wise, higher speeds occur during the day, prevailing 36% of
the time in the range of 3.60-8.80 m/s, while at night the
winds are lighter, with speeds from 0.50 to 5.70 m/s, occurring
between 8% and 16% of the time (Figure 2¢). These dynamics
are influenced by daily temperature variations (annual
average =9.24 £4.09°C) and, consequently, by changes in
atmospheric pressure (average of 100.71 + 0.62 kPa; Figure 2a).
Analyzing the wind during the dry and rainy seasons shows
no significant differences.

These data sources, mentioned above, were used to deter-
mine the wind flow and direction for the nearby cities analyzed
in this study.

2.2. NDVI and SO, Data. Vegetation data were obtained from
the NDVI monthly MODIS Terra images of the MOD13A3
version 6.1 product, with a spatial resolution of 1km. This
index is ideal for this location as it is not likely to saturate due
to the sparse vegetation. By generating this monthly product,
the algorithm incorporates all overlapping MOD13A2 products
for the month and uses a weighted temporal average. Vegetation
indices are used for global monitoring of vegetation conditions
and are included in products that display land cover and its
changes. These data can serve as inputs for modeling global
biogeochemical and hydrological processes and global and
regional climate. This product is available on Google Earth
Engine (GEE; available at: https://developers.google.com/ea
rth-engine/datasets/catalog/MODIS_061_MODI13A3).

SO, data were obtained from the Ozone Monitoring
Instrument (OMI), which has collected data since August 9,
2004. Total SO, monitoring (vertical column in Dobson units
[DUs], where 1 DU =2.69 x 10*® molecules/cm?) is performed
using the OMSO2e product at a grid resolution of 0.25°
(~27.75km). Each grid contains only one observation of the
total SO, column density in the planetary boundary layer. This
single observation is the “best pixel.” This data is available on
the Goddard Interactive Online Visualization and Analysis
Infrastructure (GIOVANNI). This tool allows users to visual-
ize, interact with, and analyze data from several NASA-
supported missions (available at: https://giovanni.gsfc.nasa.
gov/giovanni/).

2.3. NDVI and SO, Trend Analysis. The spatial and temporal
data for NDVI and SO, were taken on dates with low cloud
cover in the study area (April 11-October 14) during
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FiGure 1: The study area is located in the metallurgical city of La Oroya and the surrounding cities.

2000-2019 for NDVI and 2005-2019 for SO,, respectively,
based on data availability. Additionally, the nonparametric
Mann—Kendall trend test (S) was applied per pixel to detect
the presence of an upward or downward trend in the data
overtime [17]. This test has the advantage of being insensitive
to outliers, focusing on value ranks rather than the values
themselves. Moreover, it is suitable for small samples [18].
The equation is calculated as the Mann—Kendall correlation
coefficient (S) and is configured as follows:

n-1 n

S=73Y Y sign(x; - x;), (1)

i=1j=it1

where 7 is the number of data points, x; and xj are the data
values in the time series when j> i. The sign (x; — x;) is inter-
preted according to its sign as follows:

+]. if.xi—x]'<0
sign(x; —x;) = 0 ifx,—x=0 . (2)
-1 ifx,-—xj>0

The variance is calculated as follows:

n(n=1)(2n=5) = S 4(t - 1)(2+5)

18

(3)

VAR(S) =

where # is the number of data points, m is the number of tied
groups, and t; denotes the number of ties of length i. This
helps evaluate data dispersion. The described procedure is
used to calculate the Z-score to assess significance as follows:

S—1
o7l ifsso
VAR(S)
7 - 0. ifS=0 . (4)
S+1
ot ifs<o
VAR(S)

This procedure was generated in GEE based on the code
available at https://developers.google.com/earth-engine/
tutorials/community/nonparametric-trends.
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FiGURE 2: Hourly characteristics of wind, atmospheric pressure, and temperature at the SO, emission site of the CMLO during the year 2019.
(a) Hourly variation of wind speed, atmospheric pressure, and temperature. (b) Wind rose with flow vectors indicating the direction toward
which the wind is blowing and its speed. (c) Wind rose differentiated by time slots: daytime (06:00-18:00) and nighttime (18:00—-06:00).

TasLe 1: Classification criteria for trends based on statistical significance.

MK value range Z value range p-Value Category
Z>2.58 <0.001 Highly significant positive trend
$>0 1.96<Z<2.58 <0.01 Significant positive trend
1.65<Z <1.96 <0.05 Weakly significant positive trend
Z<1.65 <0.1 Nonsignificant trend
§=0 Z=0 >0.1 No change
Z>2.58 <0.001 Highly significant negative trend
$<0 1.96<Z <2.58 <0.01 Significant negative trend
1.65<Z<1.96 <0.05 Weakly significant negative trend
7 <1.65 <0.1 Nonsignificant trend

The operation results are grouped into nine categories
(Table 1), according to the magnitude and direction of the
trend. The restrictions are detailed: when S> 0, a positive trend
is identified; if § < 0, the trend is negative; and if S=0, there is
no change. Statistical significance is evaluated using the Z
value: if Z>2.58, the trend is highly significant (p <0.001);
between 1.96 and 2.58, significant (p <0.01); between 1.65 and
1.96, slightly significant (p <0.05); and if Z<1.65, the trend is
not significant (p <0.10) [19]. All these analyses were com-
pleted using QGIS software version 3.34.9.

2.4. Time Series Analysis. To analyze the daily time series of
SO, during the 2005-2019 period, a rectangular study area of

100 km X 150 km was delineated, where a significant negative
trend was observed. This polygon allowed for the average time
series of all pixels within the defined area to be obtained using
the GIOVANNI platform. Simultaneously, the monthly NDVI
time series for the 2000-2019 period was analyzed to identify
zones with a significant positive trend in vegetation.

High-resolution images were used to locate extensive areas
of natural vegetation, mainly grasslands. A square of approxi-
mately 1km” was delineated in these locations. These areas
were selected near significant cities in the Junin region close to
La Oroya, including La Oroya, Jauja, Tarma, Huancayo, and
Morococha. All-time series data were obtained from GEE
using MODIS Terra, product MOD13A3 version 6.1.
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FiGure 3: Significance levels of SO, trend in DU units.

The time series of both variables, SO, and NDVI, were
divided into 2000-2009 and 2010-2019 for NDVI and
2005-2009 and 2010-2019 for SO,. This division enabled a
trend analysis and a comparison of means between periods
before and after the shutdown of the CMLO. All analyses
were conducted using QGIS software version 3.34.9 and MS
Excel.

2.5. Field Monitoring Data of SO,. Atmospheric monitoring
data near the CMLO were used, collected between 1999 and
2024, through 3—4 casual monitoring campaigns per year, car-
ried out in public spaces such as educational centers, healthcare
facilities, homes, and other urban environments. These data are
available on the Regional Health Directorate (DIRESA) portal,
the regional health authority responsible for directing,
implementing, and evaluating comprehensive health care
policies, in coordination with the Ministry of Health
(MINSA). The records are part of the National Air Quality
Surveillance Program and can be consulted at the following
link: http://www.digesa.minsa.gob.pe/DCOVI/mapas/DIGE
SA_AIR_MR_CalidadAirePuntual_JUNIN.html#SO2a. These
data were collected by Supreme Decree Number 010-2019-
MINAM, which approves the National Protocol for
Environmental Air Quality Monitoring in Peru. This protocol
defines standardized technical criteria to ensure the information
generated is comparable, reliable, and representative. The data

obtained allowed for the validation of annual SO, levels in
ug/m’ through a linear regression analysis, relating them with
SO, data in DUs provided by the OMI sensor, using the
coefficient of determination (R?) and the mean absolute error
(MAE) as indicators.

2.6. Statistical Analyses. The statistical analyses applied to the
time series included the Mann—Kendall trend test at a 95%
significance level to evaluate trends before and after the
CMLO shutdown. Additionally, a comparison of means was
conducted using the Student’s t-test to determine statistical
differences between the two periods. To confirm these differ-
ences, Fisher’s LSD post hoc test was applied. Finally, a linear
regression analysis was performed to show the relationship
between the temporal NDVI data for each adjacent city and
SO, concentrations. The results were evaluated using the coef-
ficient of determination (Rz), the MAE, and the p-value at a
95% significance level. The statistical analyses were conducted
using Statgraphics Centurion 19 and MS Excel.

3. Results

3.1. Trend Analysis Results for SO, and NDVI. Figure 3 illus-
trates the dynamics of SO in the study area during 2005-2019.
A general decrease in the concentrations of this pollutant over-
time is observed. The reduction covers much of the study area,
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FiGure 4: NDVI trend significance levels in the study area for 2000-2019.

extending westward towards Lima, the capital of Peru. This
pattern is notable as it suggests that SO, from the study area
may have contributed to the existing pollution levels in Lima.
Additionally, the decrease in SO, also affects the south, south-
west, and southeast, covering regions such as the Mantaro
Valley, Huancayo, and part of the Huancavelica department.
Conversely, in the northeast, including cities like La Merced,
Chanchamayo, and Pichanaki, an increase in SO, concentra-
tions is observed. This rise could be related to the growth of
vehicle fleets and population increases in these areas [20, 21].
Therefore, SO, air pollution has been significant, affecting vast
areas and showing notable decreases and increases in nearby
cities.

Figure 4 shows the distribution of the NDVI trend for the
20002019 period. Vegetation near the cities included in the
study demonstrates regeneration during this period. However,
in some places, vegetation degradation is observed, attributed
to changes in land use due to mining, urbanization, and other
economic activities such as agriculture and grazing. Moreover,
vegetation recovery is primarily oriented towards the south-
east, south—southwest, and west from the location of the
CMLO. This regeneration orientation coincides with the direc-
tion of SO, dispersion, as shown in Figure 3, suggesting that

vegetation regeneration patterns may be influenced by prevail-
ing wind directions carrying SO,.

3.2. Time Series Results. The time series presented in Figure 4
is divided into four segments, each analyzing different aspects.
The first segment (Figure 5a) focuses on average SO, levels,
while the subsequent segments (Figure 5b—d) examine NDVI
in various adjacent cities. For both datasets, two time periods
were considered: 2005-2009 (for SO,), 20002009 (for NDVT),
and 2010-2019 (for both variables), to compare conditions
before and after the CMLO shutdown.

In the first segment of the SO, analysis for the 20052009
period, elevated levels with high variability are observed,
reaching a maximum of 0.407 DU. Despite the high levels,
the trend is negative and significant according to the
Mann—Kendall test (p<0.001), indicating a gradual decrease
in SO, levels. Likewise, the second period (2010-2019) shows
low variability and significantly reduced SO, levels, with a
maximum of 0.341 DU and minimum values close to 0 DU.
When evaluating the differences between the averages of the
first period, 20052009 (0.161 DU), and the second period,
2010-2019 (0.028 DU), a decrease of 82.18% is observed.
This last period’s trend is insignificant (p>0.05), suggesting
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FIGURE 5: SO, and NDVT time series analysis. Temporal trend of SO, before and after the CMLO shutdown during the 2005-2019 period (a).
Temporal trend of NDVI in adjacent cities before and after the CMLO shutdown during the 20002019 period (b—d).
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indicate outliers. Different lowercase letters indicate statistically significant differences (p<0.05) according to Fisher’s LSD post hoc test.

that SO, levels remained low. However, when analyzing the
entire 20052019 period, the trend is highly significant and
negative (p<0.001), reflecting the substantial impact of the
CMLO shutdown.

In the NDVI analysis, segments in Figure 5b—d presents
the data for different cities: Huancayo (with high NDVTlevels),
La Oroya (with low NDVI levels), and a composite to observe
NDVT across all cities. This segmentation allows for compar-
isons of NDVI behavior in different contexts, revealing varia-
tions in vegetation. For both Huancayo and La Oroya, as well
as for the other cities, the analyses were conducted in
2000-2009 and 2010-2019. In neither period were significant
NDVI trends found (p >0.05). However, when combining
both periods (2000-2019), a statistically significant trend is
observed according to the Mann—Kendall test, indicating a
clear relationship between the increase in NDVI and the
decrease in SO,. Furthermore, a preliminary analysis of
the average of all cities studied in the time series shows an
increase from 0.306 to 0.343 between the two periods evalu-
ated. This suggests that the CMLO shutdown had a positive
effect on vegetation regeneration. Additionally, Figure 4d shows

the NDVI behavior in all cities. While a decrease in NDVTI levels
is observed as proximity to the CMLO increases, the overall
variation pattern overtime is similar to that observed in
Huancayo and La Oroya, confirming consistent differences
and similarities in NDVI among the studied cities.

Figure 6 illustrates differences in mean NDVI for the two
time periods across all time series in cities near the CMLO.
Cities are ordered from lowest to highest NDVI levels and by
their distance from the CMLO. In all cities, differences
between the two periods (2000-2009 and 2010-2019) are sta-
tistically significant according to the Student’s ¢-test (p<0.05)
and Fisher’s LSD multiple range test, as indicated by distinct
lowercase letters to emphasize differences at the top of each
box plot. These differences confirm that the reduction in SO,
levels following the CMLO shutdown has notably impacted
vegetation regeneration in adjacent areas.

Figure 7 shows the relationship between SO, and NDVTI in
each city adjacent to the CMLO. Results indicate a significant
relationship in all studied cities (p<0.05), although this rela-
tionship diminishes as the distance from the CMLO increases.
This is reflected in the determination coefficients (R*) for each
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FIGURe 7: Linear regression analysis showing the relationship between NDVI and SO, in cities adjacent to the CMLO: La Oroya (a),

Morococha (b), Tarma (c), Jauja (d), and Huancayo (e). The red line represents the fitted linear regression. R? is the coefficient of

determination, MAE is the mean absolute error, and p<0.05 indicates a statistically significant relationship.
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Ficure 8: Validation of SO, data obtained from the OMI sensor, through monitoring data collected in public spaces near the CMLO. (a)
Temporal analysis of annual averages from both monitoring sources. Dashed lines correspond to temporal trend lines. (b) Linear regression
analysis and the coefficient of determination between the two datasets.

city, with Morococha showing the highest relationship (R*=
0.12) and Jauja the lowest (R*=0.07). Moreover, the MAE also
increases with distance from the CMLO. La Oroya recorded
the lowest MAE (0.02) and the least data dispersion, while
Huancayo exhibited the highest MAE (0.09) and the greatest
dispersion. These results suggest a negative relationship
between NDVI and SO,, demonstrating the complex interac-
tion between the reduction of this pollutant and vegetation
regeneration in surrounding areas due to the CMLO
shutdown.

3.3. Relationship Between Field SO, Data and OMI SO, Data.
To complement the findings of this study, the temporal
dynamics of SO, DU obtained from the OMI satellite sensor
were analyzed together with field measurements of SO, in
ug/m’ taken in urban public spaces near the CMLO
(Figure 8a). In both datasets, a sharp and marked decrease
in SO, levels can be observed, with a notable and sustained
change starting in 2009, when the CMLO ceased operations,
which is evident in both sources of information. Likewise,
when evaluating the statistical relationship between both
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sources, a coefficient of determination of R*=0.63 was
obtained (Figure 6b), with a statistical significance level of
p<0.05, indicating a moderate-high and statistically signifi-
cant relationship. However, some potential biases were identi-
fied that could imply overestimations or underestimations by
the OMI sensor compared to in situ measurements (MAE =
0.033). These results support the overall consistency between
the satellite and field data, allowing us to state that the OMI
sensor represents a reliable tool for monitoring SO, in this
region. Furthermore, the identified patterns are consistent
with those presented in the previous results sections, ade-
quately reflecting the temporal evolution of the pollutant in
the analyzed period.

3.4. Analysis of Wind Direction and Flow in Nearby Cities.
The analyses are complemented by wind rose results with flow
vectors indicating wind direction and speed recorded during
2019, corroborating the dispersion of SO, pollutants emitted
by the CMLO. Figure 9 shows the wind behavior in cities near
the CMLO, including Morococha, Tarma, Jauja, and Huan-
cayo. All of them present a predominant wind direction from
northeast to southwest. In most of these cities, winds in that
sector were recorded between 16% and 24% of the time, with
speeds ranging from 0.50 to 8.80 m/s. Likewise, although the
same speed range is maintained in Huancayo, this condition
occurs less frequently, between 8% and 16% of the time. This
atmospheric dynamic suggests that, although SO, emissions
reach nearby urban areas, most pollutants are dispersed
mainly toward the southwest, consistent with the wind pat-
terns observed in previous SO, and NDVI trend analyses.

Likewise, temporal evaluations of wind roses with wind flow
vectors were carried out for the years 2001 and 2009, in the city
of La Oroya and nearby cities (Morococha, Tarma, Jauja, and
Huancayo), without finding significant differences between the
two periods. Similarly, when comparing conditions between dry
and rainy months, no relevant variations were identified. How-
ever, when analyzing the differences between day and night in
those same years, marked contrasts were observed: during the
day, the direction, flow, and speed of the wind were notably
greater, while at night, minimal values were recorded. These
differences are explained by daily temperature changes, which
directly influence atmospheric pressure (Figure 2).

4. Discussions

Remote sensing tools, such as MODIS and OMI sensors, have
proven highly effective in assessing environmental impact over
extensive and hard-to-reach areas, such as the vicinity of the
CMLO. In this study, data from the NDVI provided by
MODIS and SO, concentrations captured by OMI allowed
for identifying spatial and temporal patterns. The accuracy
of MODIS data at a 1 km? scale, thanks to the MATIAC algo-
rithm, has been globally validated with a correlation coefficient
above 0.95 and an RMSE below 0.250 cm [22]. This capability
enabled the evaluation of vegetation regeneration, where an
average NDVT increase from 0.34 to 0.41 was observed during
the postsuspension period of industrial activities. Complemen-
tarily, the OMI sensor data were fundamental for monitoring
the vertical column densities of SO,, showing an average
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decrease of 0.132 DU between 2005-2009 and 2010-2019.
This trend coincides with and correlates to the monitoring
records of DIRESA (R*=0.63), which supports the informa-
tion obtained through remote sensing about atmospheric pol-
lutants and their effects on local vegetation [23, 24]. These
results highlight the advantages of integrating remote sensing
technologies with field monitoring efforts, providing a com-
prehensive view of the environmental dynamics in La Oroya
and showing how industrial activities affect air quality and
vegetation health.

The average reduction of SO, observed in this study was
82.18% (from 0.161 to 0.028 DU) during the postsuspension
period of CMLO. This decrease is minor compared to other
similar interventions globally. For example, the closure of the
ASARCO smelter in the Cascade Lakes region resulted in an
86.2% reduction in SO, emissions (from 87 to 12 kilotons per
year), demonstrating a substantial improvement in surround-
ing environmental quality [25]. Similarly, in Newcastle,
Australia, the closure of the BHP Rod and Bar steelworks led
to a 40.2% decrease in SO, concentrations, showing the direct
impact of industrial shutdowns on air quality improvements
[26]. From a policy perspective, in Beijing, stringent govern-
ment policies achieved an 81% reduction in SO, concentra-
tions between 2013 and 2018, emphasizing the effectiveness of
regulatory measures in highly industrialized urban areas [27].
Even temporary shutdowns during the COVID-19 lockdown
in northern China reduced SO, emissions by an average of
20.1% [28]. Similarly, in the city of Lecce in southeastern Italy,
a 64% reduction in ultrafine particle concentration in subur-
ban areas was reported, due to the reduction of vehicular traffic
to zero during the lockdown [29], with very similar effects on
the SO, reduction recorded in La Oroya.

Analysis of the relationship between SO, reduction and
vegetation recovery indicates that suspending the CMLO activ-
ities significantly reduced SO, emissions. This pattern suggests a
direct link between pollutant reduction and the observed vege-
tation regeneration in the region. This finding aligns with pre-
vious studies, such as in Sudbury, Canada, where SO, reduction
enabled the recolonization of lichens and partial regeneration of
severely damaged areas, although over long timeframes due to
the intensity of accumulated damage [30]. Competitive inhibi-
tion of ribulose bisphosphate carboxylase and disruption of CO,
fixation, attributed to the formation of compounds such as a-
hydroxy sulfonate, demonstrate how SO, directly affects essen-
tial metabolic processes for photosynthesis [31, 32]. In this con-
text, the improvement of the NDVI in La Oroya and
surrounding cities, with an average increase from 0.306 to
0.343 between the two evaluated periods, reflects the progressive
restoration of the photosynthetic and metabolic capacity of the
vegetation, favoring the increase of coverage and its resilience to
pollution. Although the absolute NDVI values are relatively low,
the recovering areas show a statistically significant temporal
trend from 2000 to 2019. Nevertheless, it is important to point
out that many plant species in the region present slow growth
rates and xerophytic adaptations to survive under conditions of
low water availability, which may limit the accumulation of
biomass and, consequently, prevent the attainment of high
NDVI values [10, 33].
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FiGure 9: Wind rose with flow vectors indicating the direction toward which the wind is moving and its speed in the cities surrounding the

CMLO.

This increase in NDVI is comparable with studies from
Great Britain, where reductions in sulfur improved soil pH by
0.2 units, which favored changes in plant composition in low-
intensity areas [34], due to the decrease in acidification with
the reduction in sulfuric acid formation [35]. However, the
vegetation response in La Oroya highlights local species” het-
erogeneity and susceptibility to SO,. In particular, lichens, as

biological indicators sensitive to SO,, are highly affected by the
absorption of this gas, which can become toxic compounds
such as bisulfite and sulfite, negatively impacting photosynthe-
sis and respiration [36, 37]. Although the NDVI showed an
average increase from 0.306 to 0.343, this result reflects a par-
tial recovery, in line with studies in mining zones such as El
Vinagre in Colombia, where lichen diversity was significantly
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lower near sources of SO, pollution, indicating that ecosystem
recovery may be slower in areas with severe historical damage
[38]. The high-Andean vegetation near La Oroya presents
unique adaptive characteristics, but its sensitivity to pollution
is evident. The grasslands of this region, dominated by species
such as Festuca dolichophylla and Stipa ichu, experienced
chemical alterations in the soil due to the historical accumula-
tion of sulfur, which may have affected their structure and
productivity [39, 40]. The recovery observed in the NDVI
also suggests that, although local conditions still face restric-
tions derived from water scarcity and soil chemistry, the
decrease in SO, has allowed gradual regeneration in the less
degraded areas.

The analyses show that wind plays a key role in the disper-
sion of SO, in the central Andes. In most studied cities, north-
east-to-southwest winds predominate much of the year, a
pattern previously reported in the region [1, 41]. These flows
favor the transport and distribution of pollutants, especially
during daytime hours, when the increase in wind speed, driven
by the marked temperature fluctuations between day and night
typical of the central Andes, improves their dispersal capacity
[42]. Warmer daytime temperatures generate atmospheric
instability, modifying pressure gradients and increasing wind
speed, facilitating pollutants’ dispersion toward the southwest
[43]. Likewise, nighttime cooling stabilizes the atmosphere and
can trap pollutants near the surface [44], which would explain
their accumulation and eventual transport toward cities
located opposite the predominant flow, such as Tarma, Jauja,
and Huancayo. This behavior generates marked differences in
pollutant concentrations depending on the day. It highlights
the importance of meteorological factors, particularly wind
speed and direction, in the region’s air quality dynamics.
Taken together, the results suggest that a large part of the
pollutants emitted by the CMLO reach these cities at night,
while during the day they are mainly dispersed toward the
southwest.

The spatial distribution of regeneration in the study area
highlights more notable recovery toward the southwest and
southeast of CMLO, reflecting the influence of prevailing
winds on SO, dispersion. Specific wind directions and seasonal
variations have been crucial in this pollutant’s deposition.
Studies have shown that high wind speeds can dilute SO,
concentrations, while their direction can transport pollutants
to more distant regions, altering the patterns of vegetation
damage and recovery [45]. This phenomenon is consistent
with observations in central Taiwan, where SO, concentra-
tions are higher in winter due to the transport of emissions
by prevailing wind patterns [46]. In La Oroya, these dynamics
could explain why areas in the wind trajectories to the south-
west and southeast show faster recovery, while regions closer
to CMLO, exposed to more concentrated deposits, exhibit
slower regeneration.

However, plants’ ability to absorb SO, and reduce their
atmospheric concentration depends on factors such as aerody-
namic resistance and meteorological conditions, which can
influence deposition and recovery rates. This behavior aligns
with findings in Alberta, Canada, where sulfur reductions sig-
nificantly increased the productivity of species such as
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lodgepoles and jackpines [47]. In the Central Appalachian
Mountains, a similar dynamic was observed following the
implementation of the Clean Air Act, where species like Juni-
perus virginiana improved photosynthesis and stomatal con-
ductance as pollution decreased [48].

In contrast to global precedents, the relationship between
SO, reduction and NDVT in the study area presented moderate
determination coefficients, averaging R*=0.10. This value
suggests a weaker relationship than in settings where pollutant
reductions have resulted in faster and more homogeneous
recovery, such as highly polluted urban areas that have
reported significant increases in vegetation biomass [49].
This behavior can be partially explained by the complex
dynamics affecting vegetation health and the accuracy of veg-
etation indices in diverse environmental conditions. Studies
have shown that SO, directly impacts plant health by reducing
chlorophyll concentrations. In rice canopy experiments, SO,
concentrations showed a strong negative relationship with
chlorophyll a, chlorophyll b, and total chlorophyll, with corre-
lation coefficients ranging from —0.454 to —0.618, indicating
significant effects on photosynthetic mechanisms [50].

5. Conclusions

This study has highlighted the positive impact of suspending
activities at the CMLO on air quality and vegetation regenera-
tion in surrounding areas. The average reduction of SO, by
82.18% during the analysis period (2005-2019) was accompa-
nied by a significant recovery of vegetation according to the
Mann—Kendall trend analysis of the NDVI in the period
2000-2019, in areas that were affected by SO, pollution. These
results confirm that decreasing atmospheric pollutants can
facilitate the recovery of degraded ecosystems, especially in
areas of high ecological vulnerability such as high-Andean
grasslands. Likewise, the spatial orientation of regeneration,
influenced by wind patterns and SO, deposition, underscores
the importance of local conditions in recovery dynamics.

However, the study also identified certain limitations. The
moderate relationship between the reduction of SO, and the
NDVI (R*=0.10) reflects the complexity of interactions
between air pollution, soil characteristics, and vegetation
regeneration. This suggests that additional factors, such as
the historical accumulation of heavy metals, water scarcity,
and the specific plant species composition, may play a crucial
role in the ecosystem response. Moreover, the spatial resolu-
tion of the tools used could limit the detection of finer changes
in vegetation, especially in highly fragmented areas. Future
research could focus on integrating data from higher-
resolution remote sensors.

This study underscores the positive impact on vegetation
regeneration associated with SO, reduction, a well-known
atmospheric pollutant with devastating environmental effects.
The decrease in SO, has facilitated vegetation regeneration over
the years in areas adjacent to CMLO. The utility of remote
sensors for conducting macrolevel analyses and assessing eco-
system health following events such as CMLO activity suspen-
sion is confirmed. Temporal and spatial trend analysis using the
Mann—Kendall method has proven effective in understanding
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the relationship between SO, reduction and vegetation regen-
eration. Despite inherent limitations in spatial resolution and
missing data, the information provided has been valuable for its
level of temporal detail, allowing observation of the dynamics of
the variables studied. For a more comprehensive understand-
ing, it would be beneficial to include the analysis of other atmo-
spheric pollutants, such as CO, and NO,, which also affect
vegetation health. In the case of CMLO reactivation, the infor-
mation obtained in this study should be considered for envi-
ronmental decision-making, recognizing that the addressed
issue is closely linked to deeper economic and social aspects,
which remain unresolved for achieving sustainable develop-
ment of this city.
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