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Abstract

This work assesses sulfur dioxide (SO,) emissions from two power plants in Baja California
Sur, Mexico, using ground-based UV camera measurements and AERMOD dispersion
modeling. Field campaigns conducted during 2022 in La Paz and Puerto San Carlos
captured spatial and temporal variations in SO, slant column densities (SCDs) and fluxes,
revealing higher emissions at the larger Punta Prieta (CTPP) thermoelectric power facility
(mean flux: 1.13 kg s~!) compared to the Agustin Olachea (CCI AO) internal combustion
power plant (mean flux: 0.59 kg s~1). The UV camera effectively monitored plume structure
and dynamics, with error analyses indicating uncertainties of ~12% in flux estimates.
AERMOD simulations showed ground-level SO, concentrations exceeding WHO and
Mexican air quality standards near the plants, with localized exposure risks particularly for
workers. The results underscore the substantial contribution of these facilities to regional
50, pollution and demonstrate the utility of combining remote sensing with modeling to
assess industrial emissions and inform air quality management in sensitive regions.

Keywords: industrial; emission; environmental impact; sulfur dioxide; modeling

1. Introduction

Industrial air pollution, particularly sulfur dioxide (5O;) emissions from power plants
and other combustion-based facilities, has become a critical environmental and public
health issue worldwide [1,2]. SO, is one of the principal pollutants released during the
combustion of sulfur-containing fossil fuels such as coal, diesel, and heavy oils, which re-
main a cornerstone of energy production in many countries [3]. These emissions contribute
significantly to atmospheric pollution, adversely affecting local and regional air quality,
human health, ecosystems, and even climate processes.

Power plants fueled by coal and oil are among the largest anthropogenic sources of
SO,, emitting thousands of tons annually, particularly in regions where environmental
controls are limited or outdated [4]. Despite increasing awareness and regulatory efforts in
recent decades, SO, continues to account for a significant fraction of total sulfur emissions,
with high concentrations detected in densely populated urban areas and surrounding
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rural communities located near power generation facilities [5]. In many industrial regions,
SO; levels often exceed national or international air quality guidelines, posing ongoing
challenges for public health protection and environmental sustainability [6]. International
agreements such as the 1979 Convention on Long-Range Transboundary Air Pollution and
subsequent protocols have contributed to notable reductions in SO, emissions in some
regions [7]. However, these gains are unevenly distributed, and many developing countries
still face significant challenges in reducing industrial SO, emissions while meeting growing
energy demands.

SO, is recognized as a criteria air pollutant due to its short- and long-term impacts
on human health. Acute exposure to elevated SO, concentrations is associated with res-
piratory and cardiovascular diseases, particularly among vulnerable populations such as
children, the elderly, and individuals with pre-existing conditions [8]. Chronic exposure
has been linked to increased rates of morbidity and mortality, with adverse outcomes even
at concentrations below established regulatory thresholds [9]. Beyond its health implica-
tions, SO, also plays a central role in acid deposition phenomena, forming sulfuric acid
aerosols that acidify soils and aquatic environments, degrade vegetation, and accelerate the
weathering of built structures [10]. Additionally, SO, contributes to atmospheric radiative
forcing through the formation of sulfate aerosols, which interact with cloud properties and
influence regional climate dynamics [11]. Globally, the primary anthropogenic sources
of SO, are power generation (coal, oil), industrial combustion processes, smelters, and
shipping [12]. While natural emissions, especially from active volcanoes, contribute substan-
tially to the global sulfur budget, anthropogenic sources dominate in highly industrialized
and populated regions [13]. The spatial and temporal variability of SO, concentrations
near industrial facilities highlights the necessity for continuous monitoring and targeted
mitigation strategies. Understanding SO, emissions at the local and regional scales is
particularly important given the strong spatial heterogeneity of their impacts. Areas near
power plants often experience short-term peak exposures that are not always captured
by regional monitoring networks [14]. This is especially relevant in developing regions,
where monitoring infrastructure is limited, and industrial activities are expanding rapidly
to meet energy and economic growth demands [15]. Consequently, localized assessments
of SO, emissions and dispersion patterns are critical to identify pollution hotspots, assess
compliance with air quality standards, and design effective control measures.

Accurate measurement and monitoring of SO, emissions from industrial sources are
essential for understanding their magnitude, temporal variability, dispersion, and impacts.
These assessments provide the basis for evaluating compliance with environmental stan-
dards, designing emission control strategies, and protecting public health. Furthermore,
dispersion modeling of SO, emissions complements observational data by simulating
their transport and dilution in the atmosphere, allowing for the assessment of downwind
concentration profiles and exposure levels over time and space [16,17]. By integrating mea-
surement and modeling approaches, researchers and policymakers can better predict the
effects of emissions under varying meteorological and topographical conditions, ultimately
supporting evidence-based decision-making. Industrial SO, emissions remain a major
contributor to air pollution, with well-documented health, environmental, and climatic
effects. Monitoring these emissions through reliable measurement techniques and robust
dispersion modeling is fundamental for assessing their impacts and informing effective
management policies. Despite notable progress in reducing SO, emissions in some parts
of the world, persistent high levels in many regions underscore the need for continued
research and monitoring efforts, particularly in areas where data remain scarce.

Therefore, the aim of this study is to assess SO, emissions from power plants in Baja
California Sur, Mexico, by estimating plume concentrations and fluxes using ground-based
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remote sensing measurements with a UV camera. Additionally, we model the dispersion
of SO, in the surrounding environment using the AERMOD software (version 24.0.112),
with the goal of characterizing the spatial and temporal distribution of these emissions and
evaluating their potential impacts on regional air quality. The findings contribute to the
understanding of industrial pollution dynamics in semi-arid regions, providing valuable
information to support local air quality management and mitigation strategies.

2. Materials and Methods
2.1. Study Area and Field Campaign

The city of La Paz (24°08'32""N, 110°18/'39”W) is the capital of Baja California Sur, with
a population of approximately 272,711 inhabitants (Figure 1A), according to the 2015 census
by the National Institute of Statistics and Geography [18]. The region has a predominantly
arid environment, classified as very dry semi-warm, with an annual average temperature
ranging between 22 °C and 24 °C [19]. Rainfall is scarce, with an annual average of less
than 100 mm, concentrated between July and September. The average annual evaporation
is around 215 mm, and relative humidity ranges from 62% to 70%. The local wind regime
exhibits two dominant seasonal patterns: from April to October, morning winds are
predominantly from the southeast and afternoon winds from the southwest; during the
rest of the year, winds shift to the northwest and south directions [20]. The second site,
Puerto San Carlos (24°47'22""N, 112°6/30"”"W), is a small coastal community located in the
municipality of Comondd, Baja California Sur, on the shores of Magdalena Bay (Figure 1B).
While specific meteorological data for Puerto San Carlos are less detailed, the area shares the
arid to semi-arid climatic conditions of the Baja California peninsula, with high evaporation
rates, low precipitation, and seasonal wind patterns influenced by the Pacific Ocean. Its
geographic location and lower population density make it representative of a more rural
industrial setting.
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Figure 1. Location of the two power plants studied in Baja California Sur, Mexico. Panel (A) shows
the location of the power plant (CTPP) in the city of La Paz, and panel (B) shows the location of
the power plant (CCI AO) in the municipality of Puerto San Carlos. Red dots indicate the regional
position of each plant within the Baja California Peninsula.

The field campaign was carried out between 15 and 22 June 2022, covering the two
facilities: the Punta Prieta Power Plant (CTPP) in La Paz and the Agustin Olachea Internal
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Combustion Power Plant (CCI AO) in Puerto San Carlos. Measurements at CTPP were
conducted on 17 June 2022, while measurements at CCI AO were carried out on June 19,
2022. The measurement dates were selected within the June 2022 campaign to coincide with
the early summer season, a period of increased electricity demand in Baja California Sur,
ensuring that plant activity was representative of peak operating conditions. Additionally,
meteorological forecasts indicated stable conditions (clear sky and moderate winds), which
favored both UV camera measurements and dispersion modeling.

The CTPP operates with two main stacks. Based on visual inspection and field
photogrammetry, the stacks have an estimated height of ~50 m and an outlet diameter
of ~2 m. The CCI AO power plant is characterized by smaller-scale combustion units. In
the absence of publicly available technical specifications, indicative values consistent with
plants of similar capacity were considered: a stack height of approximately 35 m and an
outlet diameter of ~1.5 m. These values are reported for comparative context, although
the dispersion modeling relied on field-derived SO, fluxes and meteorological parameters
rather than nominal stack characteristics.

In both cases, each measurement session lasted approximately one hour per site.
The field instrumentation included a UV camera, a laptop computer, an inverter, and
a battery power supply. Images were acquired in raw black-and-white format using
Maxim XL software (version 5), with post-processing performed in the laboratory using a
Python-based (version 3.13.5) retrieval algorithm developed in-house. Observation sites
were chosen based on the following criteria: (1) the camera’s viewing angle was nearly
perpendicular to the plume direction; (2) sufficient open-sky background was available
behind the plume; (3) the sun was positioned overhead or behind the camera to minimize
stray light; and (4) absence of clouds in the plume path. During fieldwork, a cardboard
collimator was used on the camera to reduce direct and scattered sunlight on the lens,
further improving image quality. A canopy tent was also set up at each site to protect
the equipment, particularly the camera and computers, from direct solar radiation and
overheating. The use of the canopy also helped reduce internal noise in the UV camera
(dark current) and prevented saturation of the spectral images.

2.2. Emission Inventory of Power Plants

Among the main emission sources in Baja California Sur are the electricity generation
plants operated by the Comisién Federal de Electricidad (CFE). The state has three major
power plants, two internal combustion power plants and one thermoelectric power plant.
Of these, two are located in the municipality of La Paz: CTPP, with an installed capacity of
155 MW supplying approximately 26% of total demand, and the Baja California Sur Internal
Combustion Power Plant (CCI BCS), with an installed capacity of 235.6 MW supplying
approximately 42% of total demand. The third facility, the CCI AOQ, is located in the
fishing community of Puerto San Carlos, in the municipality of Comondd, with an installed
capacity of 77.6 MW and supplying approximately 20% of total demand [21,22].

The emission data reported for CCI BCS and CTPP were obtained from the Emission
Inventory for La Paz, Baja California Sur [21]. The values presented in the inventory were
calculated following the INECC and SEMARNAT methodologies for emission inventories
and estimates from stationary sources, using 2010 as the base year (Table 1). Emissions
were estimated based on emission factors, which relate the amount of a pollutant released
to the activity generating it over a given time period.
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Table 1. Estimated emissions (tons/year) of air pollutants from the main power plants in Baja
California Sur based on the 2013 Emission Inventory.

Power Plants SO, NOy cO PMjg PM, 5 vVOC
CTPP 2 2428.1 987.4 108.7 30.8 266.3 16.2
CCIBCS? 11,9164  11,439.3 2473.1 808.4 17.5 0
CCIAOP 4913.2 3930.3 nd 99 99 nd

2 data from Bermudez et al. [21], P CFE, [22]. nd: no data.

In addition, emissions reported in the Annual Operation Certificates (COA), calculated
and published by Rivera-Cardenas et al. [23], were also considered. The COA-based
estimates (Table 2) were derived using activity data, emission factors, and the efficiency of
emission control systems, where applicable. For the power plants, activity data correspond
to the fuel consumption of each generation unit as well as other auxiliary equipment. It
is important to note that, among the three main power plants presented in this inventory,
only the SO, emissions from the CTPP and the CCI AO were directly measured in the field
using the UV camera method as part of this study. Emission data for the CCI BCS were
obtained from existing inventories and literature sources.

Table 2. Reported SO, emissions (tons/year) from the Annual Operation Certificates (COAs) and
Mini-DOAS field campaign of the three major power plants in Baja California Sur.

Year CTPP CCI BCS CCI AO Source Reference

2010 nd nd 16,028.89 COAs CFE, [24]

2013 2428.1 11,916.43 8704.90 COAs Bermudez et al. [21]; CFE, [22]
2014 nd nd 6786.13 COAs CFE, [25]

2018 nd 17,183.73 7988.00 COAs CFE, [26,27]

2019 14,033.5 15,359.78 6431.64 COAs CFE, [28-30]

2020 13,628.9 17,649.01 6490.20 COAs CFE, [31-33]

2021 nd 14,398.96 4913.19 COAs CFE, [34,35]

2022 23,970.6 16,322.60 6633.84 Mini-DOAS Rivera-Cérdenas et al. [23]

2.3. UV Camera

The UV (or SO,) camera is a passive, ground-based remote sensing instrument that ex-
ploits solar ultraviolet radiation at specific wavelengths to detect and quantify atmospheric
SO;. By simultaneously acquiring images at two wavelengths and applying differential
absorption principles based on the Beer—Lambert law, the camera calculates the optical
density (OD) of the plume and generates two-dimensional maps of the SO, slant column
density (SCD). The apparent absorbance (T44) of SO; is calculated from the measured OD
at two interference filters as:

TAA = TF1 — T2 = ln(lo) — ln<10) (1)
I F1 I F2

where F1 and F2 are the two interference filters, Ij is the background light intensity, and I
is the measured intensity. Once the 744 and the calibration factor are obtained, the SO,
SCD can be derived. The SO; flux (®) is then computed by integrating the SCD across the
plume cross-section (/):

o(l) = fﬁleSOz'Ueff'dpi'As 2)

where f is the focal length of the lens, m denotes the pixel interpolation across the two-
dimensional image, v,y is the effective plume speed, d,; is the optical path step, and A is
the integration path length increment. The estimation of SO, flux is typically implemented
within a retrieval algorithm known as Optical Flow (OF) [36], which uses sequential
images to estimate plume and wind velocities. During image acquisition, user-controlled
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parameters include the exposure time, lens aperture diameter, calibration cell frequency,
and the selection of band-pass filters. This instrument is widely applied to both volcanic
and industrial SO, measurements [37,38].

In this study, a Quantum Scientific Imaging (QSI) UV camera, model RS, with a 1.6-
megapixel Kodak KAF-1603ME CCD sensor was used. The CCD chip is equipped with
a microlens array optimized for UV applications in the 250450 nm range. The camera
features a 5-position automatic filter wheel, fitted with two Andover Optics band-pass
filters centered at 310 nm and 330 nm, each with a full width at half maximum (FWHM)
of 10 nm. A UG340 cut-off filter was also used during measurements to block stray
ultraviolet radiation, defined as electromagnetic radiation outside the target absorption
band. The camera was operated from a laptop computer running a Visual Basic (VB) script
for acquisition and a Python-based processing algorithm. Table 3 summarizes the main
parameters of the UV camera.

Table 3. Main specifications of the UV camera used in this study.

Instrument Parameters
Focal length (mm)  Measurement range (nm) CCD Lens diameter Imag?
(mm) resolution
UV camera from 300 to 450 KAF-1603ME (1.6 MP) 25 1536 x 1024

For SO, measurements, two band-pass filters are essential: one centered at 310 nm,
where SO, strongly absorbs, and another at 330 nm, outside the SO, absorption region,
serving as the background. Background SO; concentrations were not explicitly sub-
tracted, since the differential imaging technique using two band-pass filters (310 nm and
300 nm) effectively cancels background interferences. This approach isolates the absorption
signature of SO, in the plume, ensuring that the retrieved slant column densities are not
biased by ambient concentrations. This configuration allows for an accurate estimation
of SO, absorption while minimizing interferences from aerosols and other atmospheric
species. Aerosols, in particular, can scatter incoming radiation and increase measurement
uncertainty [37].

The UV camera was calibrated in the field at the measurement sites using five reference
calibration cells filled with pure SO, at different concentrations (493, 987, 2497, 4135, and
6060 ppm-m). During calibration, the objective of the camera was pointed toward a clear-
sky section to provide a uniform background, and the exposure time was adjusted to
optimize image contrast and avoid sensor saturation. This procedure ensured an accurate
conversion between optical density and SO, slant column density (SCD) values under the
same atmospheric and illumination conditions as those of the actual plume measurements.

2.4. Error Analysis

The uncertainty in the slant column density (SCD) was estimated as the root mean
square (RMS) of pixel intensities in a background area outside the plume, representing
instrumental and atmospheric noise. The relative uncertainty in the SCD was calculated as:

__ 0scD
dscp = D 3)

where SCD is the mean SCD within the plume and oscp is the RMS. This provides a direct
measure of the noise level in the camera signal and is reported alongside the flux as an
indicator of measurement reliability.

The uncertainty in the calculated SO, flux was estimated by propagating the main
sources of error in the measurement process. The total SO, flux (F) was determined by
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integrating the SCD (in ppm-m) measured across the plume and multiplying it by the
perpendicular wind speed (v) at plume height:

F(x) = %SCD(x,y)'v(x,y)-ds 4)

The main sources of uncertainty in this calculation are the instrumental noise of the UV
camera, the radiometric calibration, and the wind speed. Among these, the wind speed (c)
is recognized as the dominant source of error, given its direct and linear effect on the flux
value and the typical difficulty in accurately measuring or estimating it at plume altitude
and direction. The absolute uncertainty of the flux (cr) was calculated by propagating the
pixel-by-pixel contributions of the uncertainties quadratically:

"= \/Zi,j (05cD0i7)” + (SCD;0)* (5)

where i,j indexes the pixels across the plume. In practice, the RMS was calculated from
regions without visible plume signal, typically in the corners of the image, and was applied
uniformly to all pixels as the SCD uncertainty.

This detailed approach to uncertainty estimation in both SCD and flux has been
applied in previous studies of SO, measurements with UV cameras and is recommended
for properly assessing the dominant contributions of instrumental noise and wind speed
errors [39,40].

2.5. Air Dispersion Modeling

Atmospheric dispersion of SO, emissions from the two measured power plants was
simulated using the AERMOD modeling system (Lakes Environmental™, Waterloo, ON,
Canada; https:/ /www.weblakes.com/ (accessed on 30 August 2025)), a steady-state Gaus-
sian plume model widely used for regulatory and research applications. AERMOD is
designed to estimate the short-range dispersion of pollutants (source-receptor distances up
to 50 km) within the planetary boundary layer (PBL), which governs the transport, mixing,
and dilution of pollutants in the lower atmosphere [41]. Its algorithm accounts for terrain
complexity, plume rise, buoyancy effects, building downwash, and surface-atmosphere in-
teractions, while assuming that pollutants behave inertly during transport. The model does
not incorporate chemical transformations or reactions between atmospheric compounds,
making it suitable for primary pollutant assessments such as SO; [42].

The modeling required an emission inventory including source strength (SO, con-
centration and flux measured in this study), geographic coordinates, stack elevation, gas
exit temperature, stack diameter, and exit velocity. After preliminary tests, a modeling
radius of 3 km around each source was selected to optimize resolution and minimize errors
due to the coastal and complex terrain characteristics of the study area. The dispersion
simulations were configured to correspond to the same periods as the UV camera field
measurements. In each case, the average SO, flux derived from the observations and the
wind parameters estimated from sequential plume images were used as model inputs.
The maps shown in Section 3.4 represent the standard AERMOD output, which does not
include a coordinate grid; to facilitate interpretation, scale bars were added to indicate
plume extent and concentration ranges. AERMOD was implemented together with its
meteorological and terrain preprocessors: AERMET and AERMAP, respectively. AERMET
processes on-site and regional meteorological data, producing boundary layer parameters
such as friction velocity, mixing height, and heat fluxes, which are required by AERMOD
to simulate atmospheric turbulence and stability. In this study, hourly wind speed and
direction measurements, along with surface meteorological variables, were collected from a
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nearby monitoring station and processed through AERMET to characterize the dispersion
conditions. AERMAP, in turn, utilizes high-resolution digital elevation data (GeoTIFF
format, 30 m resolution) to define the receptor grid and represent the topographic influence
on plume behavior [43].

Dispersion results were calculated at a receptor height of 1.5 m above ground level
(AGL), consistent with typical breathing height for human exposure assessments. Individ-
ual dispersion maps were generated for each source and measurement period, with scales
adjusted to reflect the range of predicted concentrations.

3. Results
3.1. Descriptive Statistics of SO, Emissions

These results of CTPP and CCI AO power plant are summarized in Table 4, which
presents the descriptive statistics for both the SCD and the SO, flux. The measurements
provide a detailed characterization of the SO, emissions during the campaign, highlighting
both the magnitude and variability of the pollutant under operational and meteorological
conditions representative of typical plant activity.

Table 4. Overview of SO, SCD (in ppm-m), SO; flux (in kg s~ 1), and wind speed (inm s~1) measured
at the CTPP and the CCI AO during the field campaign. Values are reported as mean (range), median,
and standard deviation (SD).

CTPP CCI AO

Mean 1009.2 559.4

. (min-max) (784.1-1242.8) (350.5-974.5)
SCD (ppm-m) Median 1020.1 549.3
SD 125.9 103.1
Mean 1.13 0.59

_1 (min—-max) (0.49-2.26) (0.20-1.24)
Flux (kg s™) Median 1.06 0.57
SD 0.39 0.14
Wind Speed (m s™1) Mean 3.6 2.2

3.2. CTPP Power Plant

The SO, plume emitted by the CTPP was captured using the UV camera operating
at 310 nm, revealing its spatial distribution and wind structure (Figure 2A). The spectral
image clearly delineates the two emission stacks, with their respective plumes extending
downwind under the influence of the prevailing winds. The SO, SCD, expressed in ppm-m,
is color-coded, with the highest concentrations concentrated directly above the emission
points. The plume exhibits a heterogeneous distribution, with peak SCD values exceeding
1200 ppm-m near the stacks and progressively decreasing as the plume disperses into the
atmosphere. The superimposed wind vectors, obtained from the Optical Flow algorithm,
shows a complex and heterogeneous pattern, with notable directional changes and localized
perturbations, indicating variable flow conditions rather than a steady horizontal regime
during the measurement period.

The time series of SO, SCD and SO, flux was recorded over approximately one hour
at CTPP, showing the temporal variability of the emissions (Figure 2B). The SO, SCD
time series reveals noticeable fluctuations around a mean value of 1009.2 ppm-m, with a
maximum of 1242.8 ppm-m and a minimum of 784.1 ppm-m. The variability, characterized
by a standard deviation of 125.9 ppm-m, reflects short-term changes in the plume structure
and emission intensity, likely influenced by transient variations in combustion processes
and plume dynamics. The median SCD value was slightly higher than the mean (1020.1
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ppm-m), suggesting a distribution skewed toward higher concentrations during some
intervals. The SO; flux time series shows a similar pattern of variability, with a mean of
1.13 kg /s, maximum and minimum values of 2.26 kg s~! and 0.49 kg s, respectively,
and a standard deviation of 0.39 kg s~!. The flux shows a median value of 1.06 kg s,
indicative of intermittent peaks in emission rate, possibly associated with operational
cycles of the power plant. The average wind speed derived from the analysis of sequential

—1 consistent with

spectral images during the observation period was estimated at 3.6 m s
the uniform wind direction inferred from the wind vectors. The coherent orientation and
magnitude of the wind vectors suggest stable atmospheric conditions, which facilitated

plume transport and allowed for reliable flux estimation.
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Figure 2. (A) Spectral image of the SO, plume from the CTPP power plant captured using a UV
camera with a 310 nm filter. The color scale represents SO, SCD (ppm-m), while black arrows indicate
wind vectors within the plume. Slightly negative values on the scale are due to background noise
in the differential absorption retrieval and do not correspond to real concentrations. The camera
was positioned at approximately 1.5 m above ground level (AGL). (B) Time series of SO, plume
measurements from the CTPP power plant. The blue line shows the SO; slant column density (SCD,
in ppm-m) on the left axis, while the green line shows the SO, flux (in kg s~ 1) on the right axis.
Measurements were conducted on 17 June 2022.

Error analysis of the measurements indicates that the estimated RMS noise in the
background was 40.2 ppm-m, while the mean SCD in the plume was 356.6 ppm-m, yielding
a relative SCD error of 11.3%. The relative uncertainty in wind speed estimation was
5.1%, translating into a propagated relative flux error of 12.4%. Accordingly, the mean SO,
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flux for CTPP was reported as 1.13 & 0.14 kg s~ !, encompassing both instrumental and
algorithmic uncertainties.

3.3. CCI AO Power Plant

The SO, plume emitted by the CCI AO was captured using the UV camera operating at
310 nm, revealing its spatial distribution and wind structure (Figure 3A). The spectral image
clearly delineates the single emission stack, with the plume extending downwind under
the influence of the prevailing winds. The SO, SCD, expressed in ppm-m, is color-coded,
with the highest concentrations concentrated directly above the emission point. The plume
exhibits a heterogeneous distribution, with peak SCD values exceeding 900 ppm-m near
the stack and progressively decreasing as the plume disperses into the atmosphere. The
superimposed wind vectors, derived from the analysis of sequential spectral images, show
a predominantly eastward flow with significant local directional variability and vertical
components, suggesting a non-uniform wind structure rather than a strictly steady and
homogeneous regime during the measurement period.

—450
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Figure 3. (A) Spectral image of the SO, plume from the CCI AO power plant captured using a UV
camera with a 310 nm filter. The color scale represents SO, SCD (ppm-m), while black arrows indicate
wind vectors within the plume. Slightly negative values on the scale are due to background noise
in the differential absorption retrieval and do not correspond to real concentrations. The camera
was positioned at approximately 1.5 m above ground level (AGL). (B) Time series of SO, plume
measurements from the CCI AO power plant. The blue line shows the SO, slant column density
(SCD, in ppm-m) on the left axis, while the green line shows the SO, flux (in kg s~!) on the right axis.
Measurements were conducted on 19 June 2022.
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The time series of SO, SCD and SO, flux was recorded over approximately one hour at
CCI AO, showing the temporal variability of the emissions (Figure 4B). The SO, SCD time
series reveals noticeable fluctuations around a mean value of 559.4 ppm-m, with a maxi-
mum of 974.5 ppm-m and a minimum of 350.5 ppm-m. The variability, characterized by a
standard deviation of 103.1 ppm-m, reflects short-term changes in the plume structure and
emission intensity. The median SCD value was slightly lower than the mean (549.3 ppm-m),
indicating a relatively symmetric distribution of concentrations during the measurement
period. The SO, flux time series shows a similar pattern of variability, with a mean of
0.59 kg s~!, maximum and minimum values of 1.24 kg s~ ! and 0.20 kg s, respectively, and
a standard deviation of 0.14 kg s~!. The flux shows a median value of 0.57 kg s~!, suggest-
ing modest but consistent emission rates with occasional peaks. The average wind speed
derived from the analysis of sequential spectral images during the observation period was
estimated at 2.2 m s, consistent with the uniform wind direction inferred from the wind
vectors. The coherent orientation and magnitude of the wind vectors support the stability
of the atmospheric conditions, enabling reliable plume tracking and flux calculation.

CCIAO

Figure 4. Modeled SO, ground-level concentration plumes from CTPP (A) and CCI AO (B) power
plants based on AERMOD simulations. The colored contours represent different SO, concentration
ranges (ig/m?) as indicated in the legend.

Error analysis of the measurements indicates that the estimated RMS noise in the
background was 17.7 ppm-m, while the mean SCD in the plume was 266.9 ppm-m, yielding
a relative SCD error of 6.6%. The relative uncertainty in wind speed estimation was 5.1%,
translating into a propagated relative flux error of 8.4%. Accordingly, the mean SO, flux
for CCI AO was reported as 0.59 + 0.06 kg s~!, accounting for both instrumental and
algorithmic uncertainties.

3.4. SO, Dispersion Modeling

The dispersion of measured SO, emissions from the CTPP and CCI AO power plants
was simulated using the AERMOD model to evaluate the spatial distribution of ground-
level concentrations in the vicinity of the facilities under typical operational and meteoro-
logical conditions. The output concentration fields are presented in Figure 4A (CTPP) and
Figure 4B (CCI AO), where color-coded contours indicate different concentration ranges
in pg m=3.

For the CTPP power plant (Figure 4A), the highest modeled SO, concentrations were
located directly downwind of the stacks, with a maximum ground-level concentration
exceeding 687 g m~3 (red contour). The plume exhibited a clear elongation in the prevail-
ing wind direction, showing a gradual decrease in concentration with increasing distance
from the emission source. Intermediate concentration ranges between 687 and 585 pg m 3
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(yellow) and 585 to 491 g m~3 (green) were observed within a few hundred meters of the
plant, while the lowest modeled concentrations below 197 g m 2 beyond the immediate
surroundings of the facility. The spatial pattern of the plume reflects the influence of wind
speed, direction, and the plant’s emission rate.

In the case of the CCI AO power plant (Figure 4B), the maximum ground-level SO,
concentration modeled was slightly lower, exceeding 484 g m~3 (red contour) in the
immediate downwind area. The plume was more confined compared to CTPP, consistent
with the lower emission rate and different wind conditions at this site. Intermediate
concentration levels between 484 and 309 pg m~3 (yellow) and 309 to 288 pg m~3 (green)
were present close to the plant, while concentrations below 106 pg m~3 extended over a
wider area downwind. The plume morphology shows a narrower footprint, indicating less
dispersion compared to CTPP.

4. Discussion

The results of this study provide a comprehensive characterization of SO, emissions
from two power plants in Baja California Sur, highlighting both the magnitude of emissions
and their spatial dispersion. The ground-based UV camera measurements revealed clearly
distinguishable plume dynamics at each facility, underscoring how local conditions and
plant-specific factors influence the emissions’ intensity and behavior. The estimated SO,
plume concentrations and fluxes showed significant differences between the two plants,
with CTPP exhibiting consistently higher emission rates compared to CCIAQ. These differ-
ences are consistent with the observed operational characteristics of each facility: CTPP
is a larger plant, operating at higher capacity and using fuels with higher sulfur content,
while CCIAO operates at a smaller scale with comparatively lower combustion rates. Such
variability has been well documented in the literature, with larger coal- or oil-fired power
plants typically producing greater SO, emissions due to higher fuel throughput and less ef-
ficient pollution controls [15,44]. It should be noted that the field campaign was conducted
under relatively stable meteorological conditions, characterized by clear skies and moderate
winds. These conditions favored plume visualization with the UV camera and ensured
reliable dispersion modeling. While factors such as precipitation, long-range transport, and
seasonal variability can further influence air quality, they were beyond the scope of this
episode-based study.

In addition to plant capacity and fuel type, meteorological factors and stack con-
figuration likely contribute to the observed differences. Higher exit velocities and stack
temperatures can enhance plume rise and initial dispersion, temporarily reducing ground-
level concentrations near the source [39]. Conversely, plants with lower stack heights
or cooler exhaust gases may produce plumes that stay closer to the ground, increasing
localized exposure [15]. These site-specific characteristics explain not only the differences
in absolute emission rates but also the spatial patterns of SO, dispersion observed in the
AERMOD simulations. The variability observed between CTPP and CCI AO highlights the
importance of conducting plant-level assessments rather than relying solely on generalized
emission factors, which may underestimate or mischaracterize local pollution burdens [45].
The calculated mean annual emissions were approximately 36,136 tons per year (t yr ') for
CTPP and 18,408 tons per year for CCI AO. At CTPP, emissions ranged from a minimum
of 15,326 t yl"1 to a maximum of 71,310 t yr’l, with a standard deviation of 12,602 t yr’1
and a median of 33,453 t yr~!. At CCI AO, emissions ranged from 6264 t yr—! to
39,117 t yr~!, with a standard deviation of 4358 t yr~! and a median of 17,888 t yr~!.
These estimates were derived directly from the UV camera measurements conducted dur-
ing the monitoring campaign and reflect real-time plant performance during the sampling
period. It is important to note that these measurements coincided with the summer months,
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when energy demand from the population and industrial activities is typically highest in
the region. Consequently, the observed emissions likely represent peak operating condi-
tions, and annual averages may vary depending on seasonal demand and plant operating
schedules throughout the year. When compared to the most recent official emission in-
ventory reported in Table 2 [23], which lists 23,971 t yr‘1 for CTPP and 6634 t yr‘1 for
CCIAO in 2022, the UV camera-based estimates are markedly higher, corresponding to
increases of 33.6% and 63.9%, respectively. The discrepancies between the reported values
are mainly attributed to differences in monitoring techniques and in the treatment of wind
speed for flux calculations. The measurements reported by Rivera-Cardenas et al. [23]
using mobile mini-DOAS were obtained by driving around the power plants, where this
technique generally samples the more diluted portions of the plume and the wind speed
was taken from a nearby meteorological station. In contrast, the UV camera method cap-
tures images of the densest section of the plume and, through the optical flow algorithm
applied to sequential images, directly derives the plume transport velocity. The dilution
effect, which can be a significant source of uncertainty for the UV camera technique [37], is
considered negligible in this case given the short distance (~200 m) between the camera
and the stack. It is important to note that the UV camera—derived SO, fluxes represent
short-term episodic measurements and therefore tend to capture higher values than those
reported in official inventories. Inventories and COA-reported values are typically based
on fuel consumption data and emission factors, which smooth out short-term variability
and may underestimate peak emissions. By contrast, UV camera observations directly
quantify plume dynamics under operating conditions, providing upper-bound estimates
that complement inventory-based averages. Similar discrepancies have been reported
using other UV spectroscopy techniques, such as mini-DOAS, which also measured higher
S0, concentrations compared to COA data. This consistency across independent optical
methods reinforces the interpretation that inventory values may underestimate actual
short-term emissions.

When compared with previously published ground-based measurements of SO, emis-
sions at other power plants worldwide (Table 5), the fluxes derived in this study fall
within the higher range of reported values. Previous studies at fuel-oil power plants in
Montevideo, Uruguay, documented SO, fluxes of about 0.32 kg s~1 [44], while a coal-
fired facility in Bucharest, Romania, showed 715 ppm-m and 1.27 kg s~ ! [46]. Fluxes of
1.11 kg s~ 1 were reported for a 2670 MW coal plant in Dezhou, China [47], and 1.29 kg g1
for a fuel-oil plant in Kuwait [48]. Lower fluxes (~0.09 kg s~1) were observed in a
50 MW coal plant in Shandong, China [49], while the highest emissions to date (4.28 kg s’l)
were recently reported for a 1605 MW fuel-oil plant in Tula, Mexico [50]. In comparison,
our UV camera measurements yielded SO, fluxes between 0.58 and 2.71 kg s~ ! at CTPP
and between 0.24 and 1.49 kg s~1 at CCIAOQ, confirming that both facilities contribute
substantially to local SO, pollution and exhibit emission rates comparable to medium- and
large-scale fossil-fuel-fired power plants reported worldwide. These discrepancies can be
attributed to several factors, including seasonal variability, differences in plant capacity,
the type of fuel used, and the timing of the measurements. Fossil-fuel power plants do not
operate at a constant load throughout the year; rather, they adjust their output according to
energy demand, often reaching maximum capacity during periods of extreme heat or cold.
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Table 5. Comparative measurements of SO, emissions at power plants using ground-based tech-
niques. The table summarizes reported column densities (in ppm-m), fluxes (in kg s7h, plant types,
and measurement distances from selected published studies.

Site Tyilea/i;tlel I(’:/va)r *S((;; ricn?) SO, Flux (kg s—1) Reference
CTPP Fuel oil 155 1009.2 1.13 This work
CCI AO Fuel oil 77.6 559.4 0.59 This work
Montevideo, Uruguay Fuel oil nr nr 0.32 Frins et al. [44]
Bucharest, Rumania Coal nr 715 1.27 Nisulescu et al. [46]
Dezhou, China Coal 2670 nr 1.11 Tan et al. [47]
Doha, Kuwait Fuel oil nr 1.29 Ramadan et al. [48]
Shandong, China Coal 50 nr 0.09 Zhang et al. [49]
Tula, Mexico Fuel oil 1605 nr 4.28 Gonzélez-Rivero et al. [50]

* SCD: Slant Column Density; nr: not reported.

Consequently, the contribution of these facilities to atmospheric SO, can vary sub-
stantially over time. These results emphasize the importance of complementing annual
emission inventories with targeted field campaigns capable of capturing peak operational
conditions and short-term emission episodes, thereby providing a more accurate and robust
basis for regulatory assessments and mitigation strategies. In addition to the anthropogenic
plumes measured at the power plants, the UV camera system also captured SO, emissions
from a ship plume [51], demonstrating the applicability of this technique to other point
sources. The use of UV cameras for SO, emission quantification has been widely adopted
in natural environments, particularly at active volcanoes, where emission rates can be
significantly higher than those observed in industrial facilities. For example, studies at Etna
(Italy) and Guallatiri (Chile) reported fluxes several times larger than those documented
here [52]. In contrast, relatively low SO, fluxes have been observed at Stromboli (Italy),
reflecting its more modest eruptive activity [53]. Unlike power plants, where emission
variability is strongly linked to fuel type, operational load, and demand, the differences in
volcanic SO, output are primarily governed by geodynamic context, tectonic setting, and
the magmatic processes feeding each system.

The dispersion modeling results further illustrate the spatial impact of these emissions
under prevailing meteorological conditions. AERMOD simulations indicated that the high-
est SO, concentrations are confined to areas immediately surrounding the power plants,
with workers on site being the most exposed population. This finding aligns with prior
studies showing that occupational exposure at plant facilities is a critical concern [54]. At
greater distances, the plume becomes progressively diluted depending on wind speed and
direction, significantly lowering SO, concentrations by the time it reaches nearby cities. La
Paz, located approximately 9 km from CTPP, and Puerto San Carlos, about 3.3 km from
CCIAQ, are both affected by the plume; however, model outputs suggest that the concentra-
tions at these distances are lower than those at the source but remain significant, particularly
under unfavorable meteorological conditions. Despite the dilution effect, the maximum
simulated SO, concentrations at both facilities exceeded international and national air
quality standards. According to the World Health Organization (WHO) guidelines, the
recommended daily mean SO, concentration should not exceed 40 j1g m~3, and the 10-min
mean should remain below 500 pg m3 [6]. Similarly, Mexican standards [55] set limits of
104.8 ug m 3 for the 24-h mean and 196.5 ug m 3 for the 1 h mean. In our simulations,
peak concentrations at the plant boundaries and immediate surroundings surpassed both
the WHO and Mexican limits, particularly during periods of atmospheric stability and low
wind speeds, when dispersion is limited. Our evaluation was limited to the averaging times
defined by current standards (hourly and daily means). While these metrics are useful for
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regulatory purposes, they do not capture the short-term peak concentrations that may occur
over intervals of only a few minutes. Such acute peaks could be particularly relevant for
occupational exposure at the facilities and for nearby communities. Addressing this aspect
would require continuous monitoring or high-resolution modeling specifically configured
for shorter averaging times, which was beyond the scope of the present work. We therefore
suggest that future research should incorporate short-term averaging periods (e.g., 10 min)
to better assess acute exposure risks. This result underscores the urgent need for effective
emission control strategies to reduce workers’ exposure and minimize downwind impacts
on neighboring communities. Moreover, thermoelectric facilities emit not only SO, but also
other pollutants such as NOx, particulate matter (PM), and volatile organic compounds
(VOCs). Although our study focused exclusively on SO, due to methodological constraints,
combined exposure to multiple pollutants may exacerbate adverse health outcomes, par-
ticularly respiratory and cardiovascular effects. Future studies should therefore adopt a
multi-pollutant perspective, integrating monitoring and modeling of co-emitted species to
provide a more comprehensive evaluation of air quality impacts.

The findings of this study have important implications for regional air quality man-
agement and public health. The identification of power plant workers as the most exposed
population highlights the necessity for workplace monitoring and protective measures.
Furthermore, while concentrations in La Paz and Puerto San Carlos are lower than at the
plant boundaries, they remain a source of concern given their potential to contribute to long-
term health effects and cumulative pollution burdens. Similar patterns of localized high
exposures have been reported in other studies of coal-fired power plants [50], confirming
that even with plume dilution, nearby communities remain vulnerable. It should be empha-
sized that the field campaigns covered only short-term episodes (approximately one hour
at each site). While these measurements were conducted under representative operating
and meteorological conditions, they cannot account for seasonal or operational variability.
Therefore, the results should be interpreted as episodic estimates rather than annual emis-
sion values. Future research should extend monitoring to longer timeframes and varied
operational scenarios to refine annual emission inventories and health risk assessments.

5. Conclusions

This study presents a comprehensive evaluation of SO, emissions from two power
plants in Baja California Sur, Mexico, integrating direct field measurements with a UV
camera and atmospheric dispersion modeling using AERMOD. The combination of method-
ologies allowed not only the quantification of emissions but also an assessment of their
spatial distribution and potential impacts on air quality.

The results indicate that the CTPP exhibits significantly higher SO, emissions and
ground-level concentrations compared to the smaller CCI AO facility, reflecting differences
in installed capacity and operational characteristics. Temporal and spatial analyses of
the plume dynamics, derived from UV camera measurements, highlighted fluctuations in
emission rates and plume morphology, influenced by both operational cycles and meteoro-
logical variability. Error analysis demonstrated acceptable uncertainties in the measurement
and modeling procedures, confirming the reliability of the results. AERMOD simulations
revealed that SO, concentrations near the power plants often exceeded recommended
thresholds established by the WHO and national standards, especially in the immediate
downwind areas. This finding underscores the potential health risks to workers and nearby
communities, particularly in semi-arid environments with limited atmospheric dispersion.
Sequential spectral imaging techniques, combined with dispersion modeling, have proven
to be an effective tool for real-time monitoring and regulatory assessment of industrial
emissions. This integrated approach provides actionable information that can support



Atmosphere 2025, 16, 1128 16 of 19

policy decisions, improve emission inventories, and guide mitigation strategies. Contin-
uous monitoring, investment in cleaner technologies, and the implementation of stricter
emission limits are strongly recommended to reduce the environmental and health impacts
of power generation in Baja California Sur.

Future work should expand the monitoring network, include other pollutants of
concern, and assess long-term exposure risks to fully characterize the impacts of industrial
air pollution in the region. In addition, conducting sampling campaigns throughout
different periods of the year, encompassing both peak and reduced operational phases of
the power plants, would enable a more precise estimation of the total annual pollutant
emissions and provide a more comprehensive understanding of emission scenarios.
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