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• Cruise ship's impact on air quality model-
ling (AERMOD-WRF).

• The spatial pattern of pollutant concentra-
tion using low-cost analysers.

• Differential Moran's I Index with local in-
dicators of spatial association (DiLISA).

• The influence of multiple-source pollut-
ants on air quality was elucidated using a
hybrid methodology.
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Maritime activity has diverse environmental consequences impacts in port areas, especially for air quality, and the
post-COVID-19 cruise tourism market's potential to recover and grow is causing new environmental concerns in
expanding port cities. This research proposes an empirical and modelling approach for the evaluation of cruise
ships' influence on air quality concerning NO2 and SO2 in the city of La Paz (Mexico) using indirect measurements.
EPA emission factors and the AERMOD modelling system coupled to WRF were used to model dispersions, while
street-level mobile monitoring data of air quality from two days of 2018 were used and processed using a radial
base function interpolator. The local differential Moran's Index was estimated at the intersection level using both
datasets and a co-location clustering analysis was performed to address spatial constancy and to identify the pollution
levels. The modelled results showed that cruise ships' impact on air quality had maximum values of 13.66 μg/m3 for
NO2 and 15.71 μg/m3 for SO2, while background concentrations of 8.80 for NOx and 0.05 for SOx (μg/m3) were
found by analysing the LISA index values for intersections not influenced by port pollution. This paper brings insights
to the use of hybridmethodologies as an approach to studying the influence ofmultiple-source pollutants on air quality
in contexts totally devoid of environmental data.
1. Introduction

Cruise tourism is an important economic activity worldwide that gener-
ates over USD 150 billion every year (CLIA, 2020b). Defined as amixture of
maritime transport, travel and tourism services, cruise shipping offers
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passengers leisure activities that include onboard amenities, shore excur-
sions and at least one night on board a seagoing vessel with a capacity of
at least 100 passengers (Pallis, 2017). Before the COVID-19 pandemic
that forced the sector to come to a 15-month standstill, cruise lines had
sustained a continuous growth of 5.4 % in the period of 2009–2019
(CLIA, 2020a); the sustained growth of the sector is the result of the sector's
transformation with increases in ship volume and passenger capacity, and
some ships can currently accommodate 6000 passengers and crew
2023
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members combined, surpassing the number of residents in many small
towns and villages (Stefanidaki and Lekakou, 2014).

In 2022, the cruise industry is projected to operate with 272 ships,
where only three large companies, namely Carnival Corporation, Royal Ca-
ribbean Cruises and Norwegian Cruise Line, account for most of the market
and represented 70.9 % of the total market in 2021 (Cruise Market Watch,
2022). The economic activity scenario's forecast for the end of 2026 esti-
mates a passenger volume recovery and growth of 12 % above the 2019
levels (CLIA, 2022).

Even when new cruise ships are powered by LNG as a strategy from the
sector to attend to sustainability concerns,most vessels use low-grade diesel
with a high sulphur content as a result ofmarine fuel quality that tends to be
less regulated and less refined than other types of fuel (Sarnelli, 2021). This
low quality of diesel fuel justified the rule implemented by the International
Maritime Organization (IMO) to reduce the sulphur content in marine fuels
from 3.5 % to 0.5 % mass by mass (m/m) globally, beginning 1 January
2020 (IMO, 2020).

However environmental issues related to cruise ships are broader ac-
cording to the work in (Lloret et al., 2021); this includes issues related to
the air, water, soil and land cover, sensitive habitats and protected areas,
onshore and marine wildlife, and waste disposal. In relation to impacts on
the air, major pollutants of concern related to marine transport sources in-
clude sulphur oxides (SOₓ), particulate matter (PM), oxides of nitrogen
(NOx), carbon monoxide (CO) and volatile organic compounds (VOCs); as
well as the carbon dioxide (CO2) emission, the main greenhouse gas.

Health effects related to air pollutants include acute exposure effects
and long-term exposure effects. The acute effects of SO2 in the air can
cause breathing difficulties and asthma attacks, while the long-term effects
include respiratory illness, aggravation of existing heart disease and prema-
ture death (Pan, 2011; WHO, 2016).

Exposure to fine particles can cause eye, nose, throat, and lung irritation
and affect lung function and worsen asthma and heart disease, while long-
term exposure to fine particulate matter may be associated with increased
rates of chronic bronchitis, reduced lung function and increased mortality
from lung cancer and heart disease (EPA, 2021a). PM2.5 emissions from
ships have shown the presence of compounds with potential health effects
such as heavy metals, polycyclic aromatic hydrocarbons, dioxins/ furans,
and black carbon (Anastasopolos et al., 2021). The PM2.5 burden ofmortality
is related to cardiopulmonary and lung cancer deaths (Corbett et al., 2007).

Nitrogen oxides (NO2) adverse health effects include the intensification
of common viral infections and severe damage to the lungs as well as
asthma (de Vries, 2021). Acute and chronic exposure to carbon monoxide
is associatedwith an increased risk for adverse cardiopulmonary events, in-
cluding death (Chen et al., 2007). Exposure to VOC can cause eye, nose and
throat irritation and nausea, while long-term exposure can affect the liver,
kidney and nervous system or cause cancer (EPA, 2021c).

Several investigations have found a direct correlation between air pol-
lutants and cruise ships (Chatzinikolaou et al., 2015; Nguyen et al., 2022;
Ruiz-Guerra et al., 2019), with the size and age of the cruise ship being im-
portant variables of the air emissions (Perdiguero and Sanz, 2020). Air pol-
lutants' impact on health can also be economically quantified, and this was
reported to reach or to EUR 5.3 per passenger in five Greek ports
(Maragkogianni and Papaefthimiou, 2015) for NOx, SO2 and PM2.5 emis-
sions. In the Iberian Peninsula, the costs related to the health effects of
PM, NO2 and PM2.5 were 0.72 %, 0.15 % and 0.28 % of the gross domestic
product in 2015, respectively (Nunes et al., 2021).

In México in 2018, according to the Bank of Mexico, the cruise industry
contributed USD 480 million (Nguyen et al., 2022). In the aftermath of
COVID-19, the rebooting of the sector has created new routes to the main
Mexican destinations (Garduño, 2021).

Emissions frommaritime activity, as well as their impact on air quality,
have been little analysed, especially in Mexico. However, only the estima-
tion of emissions in the port of Veracruz has been carried out, as well as
the proposal of the methodologies for its application.

Currently, only ship emissions have been estimated for some ports in
Mexico (Fuentes García et al., 2021a, 2021b). Estimations of the impact
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on air quality due to emissions from maritime activity have been little
analysed, especially in Mexico.

1.1. Area of study

The city of La Paz is the municipal seat of the municipality of the same
name, as well as the capital of the state of Baja California Sur; it has a pop-
ulation of 250,141 and an urban extension of 78.58 km2. The towns of El
Centenario and Chamelita are also part of the same urban areas with a
total of 9440 additional people around the bay of La Paz as well as three
main ports: Pichilingue, Punta Prieta and La Paz ports. Among these three
ports, only Pichilingue and La Paz are public; Punta Prieta's port is for exclu-
sive governmental use and is where the electric power plant that supplies
electricity to the city is located. Pichilingue is a deep-sea and cabotage
port with ferry connections to the continental massif; it has a ferry terminal,
customs facilities, two passenger terminals with the capacity to receive
mega-cruises, a manoeuvring yard, warehouses, a commercial port, scales,
and offices; additionally, it has the infrastructure for the shipment of bulk
cement and the unloading and storage of LP gas.

Additionally, the port of La Paz is focused on tourism; it receivesmainly
yachts, medium-sized sailboats and boats for sport fishing; it has the capac-
ity to receive boats with a maximum length of 65.5 m, width of 21.6 m and
a maximum draft of 4.5 m. In addition, it has a dock for small boats and a
tourist area. The city of La Paz in Mexico has special characteristics related
to air quality that must be considered in order to fully understand the con-
texts of the present study:

1. The state of Baja California Sur has the highest rate of motorisation in
Mexico due to its low population density and extreme weather condi-
tions during most of the year, which disincentives alternative transpor-
tation modes (Islas-Rivera et al., 2011).

2. Two thermoelectric plants provide energy to the region because the re-
gional grid is isolated from the national electric service; these are located
in the La Paz Bay area and use high-sulphur-content fuel oil
(Universidad Autónoma de Baja California Sur, 2016) as the main fuel
for their operations.

3. The cargo and touristic activities in the port, which are expected to con-
tinue. Future trends are related to the construction of the biggest cruise
terminal in the region to promote tourism activities in the area (Kalosh,
2021). This also is heavily influenced by the isolation of the region from
the rest of the country, the long road distances through the Baja Califor-
nia Peninsula and the presence of deep-sea ports in the country due to
the smaller distances by travel over water than by road.

4. While two air quality monitoring campaigns were carried out in La Paz
in 2010 and 2014 by the Instituto Nacional de Ecología y Cambio
Climático (INECC), only indicators were presented. The result of these
campaigns showed that there are high concentrations of SO2 at the site
that coincide with the plume from the power plants and high concentra-
tions of PM10 due to paved and unpaved roads, eroded soils, and other
factors (INEGI, 2018); nevertheless, this report does not include port
activities.

5. Currently, the city of La Paz does not have an air quality monitoring sys-
tem, so it is difficult to know the quality of the air on the site (SINAICA,
2022), (INEGI, 2019).

Due to the lack of information on the matter, as well as the implications
of these data absences, and due to these issues being shared with a lot of
other cities around the world, in this study, an a priori-multi tool methodol-
ogy is proposed based on a spatial correlation approach between on street-
level mobile monitoring, factors emissions evaluated and validated by the
Environmental Protection Agency (EPA) of the United States of America,
a state-of-the-art meteorological modelling system coupled to an air quality
model and the application of statistical analysis.

In the present work, the contribution of cruise tourism activities to the
air quality in La Paz were analysed in the last days of February in 2018,
and the background concentrations of NOx and SOx in the area were



Table 1
Weather modelling parameters.

Element Parameter

Forecasting modelling system WRF
Resolution 4 km
Study area 50 km × 50 km
Time period 1st of January to 31th of December (2018)

Database

GRIB2 ds083.2
NCEP Climate Forecast System Version 2
(National Centers for Environmental
Prediction et al., 2000), (Saha et al., 2011)

Reference coordinates 569 957,68 m E, 2 679 310,14 m N, Zone 12

O.O. Mendoza-Lara et al. Science of the Total Environment 886 (2023) 163855
estimated as a contribution to furthering our understanding of this complex
problem in the context of totally devoid environmental data and to bring
light to the importance of multidisciplinary and non-traditional approaches
than could lead to a better understanding of pollution patterns and theways
these can be analysed in order to sensitise the public administration to en-
vironmental monitoring .

2. Materials and methods

In this study, we divided the methodology into two main approaches:
the first was to estimate the impact on air quality based on the estimates
of emissions generated by cruise ships using the AERMOD modelling sys-
tem coupled with WRF; this is described in Sections 2.1 to 2.4 of this
paper. The second approach had the objective of estimating the spatial pat-
tern of pollutant concentration in the city at the intersection level in the
metropolitan area of La Paz, using low-cost analysers and interpolation pro-
cessing of the data; this is detailed in Sections 2.5 and 2.6. Thefinal element
of themethodology is related to the spatial correlation of the results of these
two approaches, and an estimation of the minimal impacts of cruise ship
activities at the intersection level was established according to statistical
analysis.

2.1. Cruise ship traffic data

The company S&P Market Intelligence (https://www.spglobal.com/
marketintelligence/en/mi/industry/maritime.html) was the provider
of the database used to identify the traffic of cruise ships in La Paz
(arrival, departure, and berthing time) during the whole of 2018. Addi-
tional information obtained from the database included: call number,
IMO, ship type, movement type, country, name of the ship, port ID,
port name, zone name, coordinates, arrival and sail date, hours in port
and destination.

2.2. Cruise ship emissions

The traffic cruise data were used to identify the power of each vessel
(hp-kW) in order to calculate the emission factor using EPA's Ports Emis-
sions Inventory Guidance: Methodologies for Estimating Port-Related and
Good Movement Mobile Sources Emissions (EPA, 2020).

tE ¼ P∗EF∗C∗12:9 (1)

where tE is the total emission (g/s), P is power of the vessel (kW/h), EF is
emission factor of the engine for each navigation and C: conversion factor
from hours to seconds (1/3600). We calculated the emissions of cruise
ships during hotelling; according to Murena, the value reported was
12.9 % (Murena et al., 2018) of the ship's total power. The three criteria
air pollutants used in the present investigation were NO2 SO2, and PM10.

2.3. Air dispersion model

Usually, air quality modelling systems (AQMS) require detailed
information for the topography, meteorology, and pollutant emissions
(González-Rocha et al., 2015). In the following section, these variables
are described.

2.3.1. AERMOD
The American Meteorological Society (AMS) and the Environmental

Protection Agency (EPA) developed AERMOD, a local air quality model,
in 1991 (Kumar et al., 2016). AERMOD is a Gaussian air dispersion
model that incorporates building downwash algorithms (Kalhor and
Bajoghli, 2017), be executed with real or estimated meteorological infor-
mation (EPA, 2021b).

TheAERMODmodel has two important factors related to the estimation
of air pollutants: 1) the outputs of the model are 1 h average concentrations
(Pandey and Sharan, 2019) and 2) the model is suitable for analysing
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distances of <50 km from the source (Mokhtar et al., 2014). The software
requires meteorological and terrain inputs, which are obtained using a me-
teorological pre-processor, AERMET, and a terrain pre-processor, AERMAP
(Matacchiera et al., 2019).

The meteorological data that the model considers are temperature, dew
point, pressure, and solar radiation (O’Shaughnessy and Altmaier, 2011),
wind speed, wind direction, total cloud cover and low cloud cover, convec-
tive velocity scale, temperature scale, mixing height and surface heat flux
(Ma et al., 2013). The AERMET model results are directly introduced into
AERMOD (Huang and Guo, 2019).

AERMOD can facilitate coupling with different weather models such
as the Weather Research and Forecasting (WRF), the Regional Atmo-
spheric Modelling System (RAMS), the fifth generation of the National
Center for Atmospheric Research (NCAR) / the mesoscale model of the
Pennsylvania State University (MM5) and Eta Models (Seangkiatiyuth
et al., 2011).

2.3.2. Terrain modelling
In order of calculate the concentrations at the receptors positioned at lo-

cations with varying elevations, AERMOD simulates a plume as a weighted
sum of concentrations from two extreme scenarios: (i) a horizontal plume
under very stable conditions and (ii) an elevation-following plume account-
ing for varying elevations in the area (Zou et al., 2010). In the present work,
the best resolution available was the U.S. Geological Survey (USGS) data-
base, while the digital model used was Shuttle Radar Topography Mission
(SRTM) with a 30 m resolution. In the case of receptors, a 50 × 50 km
mesh with a spacing of 0.5 km was used. A total of 10,201 receptors were
used to calculate the airborne pollutants in the area, with the following
UTM coordinates as a reference point (Zone 12): 572859.69 m N,
2677783.84 m E (Table 1).

2.3.3. WRF-AERMET
InMexico, as well as in many other countries, there are regions where it

is difficult to install and operateweather stations bywhich to obtain surface
and vertical weather information. Therefore, in order to improve air quality
models, it is essential to generate databases, protocols, guides, standards,
and indexes able to improve the accuracy of the models and diagnoses
that could enhance air quality management (Mendoza-Lara et al., 2021).

Surface and vertical weather data can be obtained from meteorological
stations near the study area. However, in the present work, where weather
stations are distant, their data may not be representative; this is the reason
for using WRF, a cutting-edge mesoscale numerical weather prediction de-
signed both for atmospheric research and operative forecast applications.
This model is useful for attaching the weather parameters required for air
quality models (Kesarkar et al., 2007).

The WRF system is a multi-agency effort, principally involving the Na-
tional Center for Atmospheric Research (NCAR), the National Oceanic
and Atmospheric Administration (NOAA), the National Centers for Envi-
ronmental Prediction (NCEP) and the Forecast Systems Laboratory (FSL),
the Air Force Weather Agency (AFWA), the Naval Research Laboratory,
the University of Oklahoma and the Federal Aviation Administration
(FAA) (Afzali et al., 2017).

https://www.spglobal.com/marketintelligence/en/mi/industry/maritime.html
https://www.spglobal.com/marketintelligence/en/mi/industry/maritime.html
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2.4. Technical considerations of the modelling system

Asmentioned, cruise ships can be considered to bemobile sources; how-
ever, for the present study, only the contribution of emissions during the
hotelling stage was estimated; thus, given this condition, the simulation
can be considered to be a point source. It is important to mention that
AERMOD can model both types of sources: mobile and point sources
(Askariyeh et al., 2017) . The source release parameterswere considered as-
suming the following average values: a diameter of 1m and a gas velocity of
10 m/s (Murena et al., 2018), while the height of the point source was esti-
mated according to the cruise model, namely, between 11 and 17 m in
height. To establish the emission times during the hotelling stage, the cruise
ship traffic data were considered; within this information, the arrival and
sail date were presented. With this data, the emission times of each cruise
were determined.

Finally, the EPA emission factors estimate the emission of PM10, SO2

and NOx. With respect to the latter pollutant, the model is suitable for con-
sidering the physical and chemical characteristics used by the ARM2
method (Kimbrough et al., 2017), which calculates a minimum and maxi-
mum NO2/NOx ratio. This means that the values presented in the present
work only consider the concentration of NO2 in the air.

2.5. Evaluation

Although there is nomethodology for evaluating the sensitivity of mete-
orological data, we propose the following stages: availability, refining,
criteria sufficiency verification and determination of the essential charac-
teristics of the data. For the last stage, the validation of the data demands
knowledge about the variables' performance and statistical analysis
support.

In the case of the quantitative analysis, the selected analyses were the
root-mean-square error (RMSE), the normalised mean absolute error
(NMAE), the bias (BIAS), Pearson's correlation coefficient (r) and the ad-
justment index (IOA). The IOA (index of agreement) contributed to the
analysis by providing a general index for the accuracy of the model by
comparing it with real data. The matching results are generally classified
according to the following scale (Gilchrist, 2009), (Carrisoza Urbina et al.,
2015): a) -1 to 0.00, totally inadequate matching, b) 0.01 to 0.39, insuffi-
cient consistency, c) 0.40 to 0.75, good concordance, d) 0.76 to 0.99,
excellent concordance and e) 1, perfect concordance.

Information from aweather station administrated by theMexicanMete-
orological service (abbreviated as SMN according to its Spanish acronym)
and the Meteorological Aerodrome Report was used to evaluate the sensi-
tivity of theWRFmodel (SMN, 2022). Theweather station is in the city cen-
tre, 4 km away from the reference coordinate of theweathermodelling. The
variables used in the sensibility analysis were temperature (T), relative hu-
midity (RH), wind speed (WS), wind direction (WD) and atmospheric
pressure (AP).

2.6. Georeferenced of pollutant concentration (measurement)

Themeasurement of pollutants in the study area was obtained using air
quality spatial sampling carried out by personnel of the civil association
BCSicletos using Arduino-based monitors during 20 and 21 February
2018, dates when no cruise ships were present in the bay. The monitors
were designed, built, and calibrated by G.I.M.A. (Interdisciplinary Environ-
mental Monitoring Group of Ensenada) as part of a project of BCSicletos to
produce open-access hardware and software for air quality monitoring
(Moctezuma Escamilla et al., 2022).

The organization used a methodology based on semi-random routing
along the continuous urban area of the city of La Paz to obtain a database
of georeferenced points with their corresponding airborne concentrations
of criteria pollutants, including PM10, SOx and NOx, the criteria pollutants
analysed in the present study. The sampling was carried out by bicycle trav-
ellers in normal traffic conditions. To avoid atypical sampling derived from
irregularities such vehicles passing too close to the sampler or similar
4

issues, the data were spatially smoothed and clustered using 20 m spacing
between the centroid points used to create buffers with a 25% spatial over-
lap between their covering; this also helped to establish a spatially homoge-
neous dataset to avoid oversampling in the data and overfitting in the
interpolation processes due to the stops on the intersections and thewaiting
times of traffic lights. The field data were generated using theWGS84 coor-
dinate system, but all the processing and spatial analyses were performed
using the ITRF 2008 CCL (EPSG:6372) coordinate system.

The resulting database allowed us to identify the airborne concentra-
tions of the selected criteria pollutants, NOx and SOx, that are present in
the study area and are produced by different activities and sources, both
fixed and mobile.

2.7. Determination of spatial concentration of pollutants using mobile monitoring
(interpolations)

The datasets of each day for both pollutants were interpolated using ra-
dial basis function (RBF) interpolation with a 500 m range, and a 16-point
4-sector neighbourhood at 35°, with a multi-quadratic kernel function con-
figuration. The results were submitted to a cross-validation process where
points, and extreme normalised error values were discarded and then a sec-
ond RBF interpolation was carried out for each pollutant on each day using
the same configuration as that used for the previous RBF interpolation. Fi-
nally, the city intersections in the studied area were used to extract the in-
terpolated values of airborne pollutants for each day in order to obtain an
almost city-wide dataset that can be used to address ships' influence on
the pollutant concentrations.

2.8. Spatial correlation between AERMOD modelling and RBF interpolations

The spatial correlation values were calculated from the AERMOD
models and the interpolated values of the pollutants of each day and from
pollutants using the differential Moran's I Indexwith local indicators of spa-
tial association (DiLISA); this was calculated using the following equation:

μi ¼
xi,t � xi,t � 1ð Þ∗∑jwij x j,t � x j,t � 1

� �

∑i xi,t � xi,t
� �2 (2)

where wij is binary weight that indicates neighbourhood adjacency of j
samples to i (the intersection in question), j is their neighbouring intersec-
tions of i, t is the time or studied event and t-1 = the previous time or
base scenario.

In order to properly represent local association, an adjacency weight
matrix was created using the same ranges as those used during the RBF in-
terpolation (500-metre threshold); this matrix consisted of binary values
(wij) that force the abovementioned formula to only take into account
those neighbouring samples (j) to the one being estimated (i) and omitting
every other value from the dataset. The basis of this estimationwas a deriv-
ative application of the LISA index established by Anselin (Anselin, 1995)
and is further explained in (Anselin, 2020).

This estimation was also carried out between days in order to differen-
tiate between the urban zoneswhere day-to-day pollution has an effect, and
to determine if they are spatially coincident to the intersections affected by
ship pollution. Permutation inferences were used to address the signifi-
cance of each analysis (999 permutations), followed by clustering based
on their place in the Moran's scatterplot and significance, leading to a ho-
mogeneous clustering for all the analyses into 5 groups: high-high, low-
low, high-low, low-high and non-significant (pseudo p > 0.05). This
means that each group reflects the differential values of the models and
the interpolations and allows us differentiate between low and high con-
stancy and increased or decreased concentrations. For these steps, GeoDa,
1.18.0 software was used.

For the application of this analysis and the results in this paper, it was
assumed that the monitoring measurements and interpolations of the con-
centrations of NOx and SOx were equivalent to the concentrations of NO2

and SO2, respectively.
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2.9. Evaluation of air quality impact and minimum airborne concentrations

Based on the clustering of the data described previously, co-location
analyses were carried out to address the spatiotemporal constancy of each
pattern of pollutant concentration at the intersection level. The impact of
hotelling cruise activities on air quality in the atmospheric basin of La Paz
was conducted using airborne concentrations of particulate matter, where
particles have an aerodynamic diameter equal to or <10 μm (PM10), sul-
phur dioxide (SO2) and nitrogen dioxide (NO2) established in the Mexican
Standar Leves (MSL) (NOM-022-SSA1-2019, 2019; NOM-023-SSA1-2021,
2021) and the World Health Organization's (OMS) Air quality guidelines
(AQG), and comparing them to theminimum values observed in the spatio-
temporal prevalence of the “no consistency” cluster.

3. Results and discussion

3.1. AERMOD modelling

3.1.1. Meteorology
TheWRFmodelling andMMIF coupled data generated a single grid cell

(4 km) representative of the entire domain. The modelling included an
entire year (2018) for each hour and the following variables: sensible
heat flux (W/m2), surface friction velocity (m/s), surface roughness
(m) convective velocity (m/s), connective and mechanical planetary
boundary layer height (m), Monin–Obukhov length (m), Bowen radius,
albedo, surface temperature (K), wind speed (m/s) and direction (°), precip-
itation (mm), relative humidity (%), surface pressure (mb) and cloud cover.
For the meteorology in the vertical direction, the following were obtained:
wind speed (m/s) and wind direction (°), surface temperature, standard
deviations of wind speed and direction at different altitudes, from 175 to
5000 m above sea level.

The generated surface and vertical meteorology files were input into
AERMOD to estimate the dispersion of air pollutant emissions from cruise
ships.

As mentioned, five variables were considered to evaluate the sensitivity
of the modelling; the results are presented in Table 2.

In general, thewind direction in the study areawas predominantly from
the south, with almost 23.1 % of the total influenced by Pacific Ocean cur-
rents; however, together, wind coming from the north, northeast and north-
west represented 46.3 %, whose currents are influenced by the Gulf of
California. This is important since the direction of the dispersion clouds
emitted by the cruise ships due to hotelling activity can be inferred.

Fig. 1 shows the behaviour ofwind direction and Fig. 2 time variation of
wind speed. Both figures exhibit comparison between the WRF-AERMET
and the measurements of the weather station located in La Paz, for the
year 2018.

3.1.2. Dispersion
According to the cruise ship database, there are five different cruises

from 1200 hp. to 4520 hp. that arrive at La Paz. During 2018, the ships ar-
rived 41 times with an average berth time of 17.5 h. In accordance with
EPA emission factors, the results of the emissions for each type of ship
and the maximum impact on air quality in the La Paz air basin are shown
in Table 3.

According to the results obtained by themodel in relation to particles, it
is observed that the impact on air quality is lower compared to NO2 and
Table 2
Sensitivity evaluation of themeteorological modelling parameters (WRF-AERMET).

Variable RMSE NMAE BIAS r IOA

Temperature 4.13 0.03 −0.87 0.80 0.68
Relative humidity 22.23 0.22 12.06 0.55 0.50
Wind direction 140.01 0.01 0.06 0.27 0.40
Wind speed 2.29 −0.17 −38.8 0.14 0.43
Atm. pressure 2.56 −0.00 −2.40 0.95 0.50
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SO2, with an average of 0.19 μg/m3 (±0.20). The low impact of PM10 is
a consequence of several factors, including cruise engine technology, and
international regulations regarding the concentration of sulphur in diesel,
reducing the emission of SO2 and Particles.

In this sense, it is important to mention that the particles can have two
origins, the primary origin is characterized by being emitted directly from
the source, which can be an anthropogenic source (industrial, mobile
sources, combustion processes, among others) or natural (dust, sand,
spores, marine aerosols, ashes from volcanoes, forest fires, among others).
On the other hand, the secondary origin occurs in the atmosphere due to
chemical reactions of the precursor gases, for example, SOx and NOx,
among others.

Taking into account the low concentration levels of PM10 obtained in
the modelling, it was decided to focus the analysis on the behaviour and
concentration of SO2 andNOx, in addition to the fact that these atmospheric
pollutants are precursors of particles.

Fig. 3A shows the maximum impact on air quality due to SO2 emissions
from the E-type cruise ship identified for the modelling day of December
26, 2018. As shown, although the maximum concentration was found in
the body of water, there was a significant contribution found in most of
the city of La Paz, highlighting the areas near the port. This means that,
for the conditions presented, the predominant wind came from the north.
As mentioned, the predominant direction was from the south, but there
are currents that derive from the north; this coincides with the behaviour
of the atmospheric pollution presented in the image. On the other hand,
in Fig. 3B, regarding the behaviour of NO2 dispersion in the worst scenario
identified and generated by the type C cruise the modelling day was de-
tected corresponds to June 16, 2018. The maximum concentration was lo-
cated near the emission point; however, there was a high influence towards
the northeast and southwest.

The maximum concentrations determined by the modelling system are
consistent with temporality. For example, the maximum concentration for
NO2 was identified in summer, this pollutant is associated with local emis-
sions and atmospheric chemistry such as ultraviolet radiation, while the
maximum concentrations of SO2 are related to meteorological conditions
that do not promote dispersion such as ambient temperature, wind speed
and low planetary boundary layer heights, that are generated in winter.

According to the sensitivity evaluation of the meteorological modelling
parameters (WRF-AERMET), there was a statistical difference, specifically
in the wind direction and wind speed; according to the correlation (r),
these variables showed little correlation, 0.14 and 0.17, respectively. How-
ever, graphically, the wind speed was found to maintain the same behav-
iour, with the modelled values being higher as compared those observed.
However, as mentioned, the data generated by MMIF for the WRF-
AERMET coupling use an average value for the mesh determined for its
modelling, which is representative of the data in the study area. In addition,
it should be taken into account that the meteorological station where the
datawere obtained is located far from the coast, so the roughness influences
the speed of the coast; therefore, the shear causes the wind speed to de-
crease.With respect to thewind direction, this variable is cyclic; for this rea-
son, the statistics should be calculatedwith caution due to the magnitude of
the vector correction, given that values between 0 and 360 can be obtained.

Despite this difference, the calculation of the adjustment index (AOI) for
these variables, as well as for temperature, relative humidity, and atmo-
spheric pressure, obtained values between 0.40 and 0.68, which indicates
that the meteorological modelling system database has a good adjustment
index, which translates into an acceptable value allowing the data to be
used in the AERMOD model; consequently, the values generated by this
model can be considered reliable.

According to the methodology regarding the emission factors generated
by the cruise ships, it was identified that they emit between 0.88 and
3.88 g/s during the hotelling stage. In addition, the traffic of this type of
vessel during 2018 was considered, which arrived at the port 41 times.
For the air quality modelling system, NO2 and SO2 dispersionwas analysed.

The results showed that the concentrations oscillated depending on the
meteorological characteristics of the site. Based on the AERMOD



Fig. 1. Comparative wind direction as observed (A) and modelling (B), database to the year 2018.
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simulation, it was determined that the air quality impact for NO2 ranges
from 0.72 to 13.66 μg/m3 with an average of 5.31 μg/m3 (±3.12), while
SO2 concentrations were found to range from 1.11 to 15.71 μg/m3 with
an average of 5.76 μg/m3 (±3.57). In the Fig. 3 shows the worst-case atmo-
spheric scenarios for each pollutant.
Fig. 2. Comparative wind speed behaviour as observed (blue) and modelling (gray). Tim
(C), and daily average per week (D).
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Taking into account the concentrations of each scenario, it was ob-
served that the maximum concentrations of each air pollutant were close
to the emission source. This refers to calm conditions, wind speed and the
“building-downwash” effect (Monbureau et al., 2018); therefore, these con-
centrations do not affect the urban area but do affect the water body, which
e variation average hours per week (A), average hours per day (B), monthly average



Table 3
Emissions for each type of cruise ship and the maximum impact on air quality.

Cruise ship (1) HP kW Fuel Emissions (g/s) Maximum impact on
air quality (μg/m3)

NOx SO2 PM10 NO2 SO2(2) PM10

A 1610 1184.15 Diesel 3.44 2.73 0.07 9.86 10.96 0.39
B 1610 1184.15 Diesel 3.44 2.73 0.07 10.28 11.43 0.49
C 2450 1801.9 Diesel 0.88 4.16 0.02 2.99 15.71 0.06
D 1824 1341.5 Diesel 3.90 3.10 0.08 10.93 9.65 0.42
E 1200 882.9 Diesel 2.47 2.04 0.60 13.66 12.54 1.16
Average 5.31 6.00 0.19
Minimum 0.72 1.11 0.00
Maximum 13.66 15.71 1.16
Standard deviation 3.12 3.68 0.20
Percentage (%) with respect to the MSL 6.83 8.00 1.66
Percentage (%) with respect to AQG (OMS) 6.83 39.28 2.58

1. Model engine: A -1982, B – 1982, C -2018, D – 1983, E – 1994.
2. To standardize the WHO guideline with the Mexican standard, the maximum
hourly concentration was considered as a 24-h concentration.
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could have a negative impact on the water column, aquatic fauna and sub-
merged aquatic vegetation. Additionally, it was observed that the distribu-
tion of air pollutionwas lower in the urban area of La Paz, with values up to
5 μg/m3 for SO2 and up to 3 μg/m3 for NO2.

The results of the meteorological modelling using WRF and the
AERMOD air quality modelling system for PM10, NO2 and SO2 emissions
suggest that, due to the operations of the hotelling stage of cruise ships,
PM10 emissions have a low impact on air quality with an average of
0.19 μg/m3 (±0.20), NO2 has an impact on the air quality, with values
ranging from 0.72 to 13.66 μg/m3 with an average of 5.31 μg/m3 (±
3.12), while the SO2 concentrations ranged from 1.11 to 15.71 μg/m3

with an average of 5.76 μg/m3 (±3.57).
This means that themaximum impact estimated by themodel for the at-

mospheric basin of La Paz due to this activity compared with the Mexican
standard levels, represents 1.66 % for PM10, 6.83 % for NO2 and 7.98 %
for SO2 of the threshold, while he World Health Organization's Air quality
guidelines, represents 2.58 % for PM10, 6.83 % for NO2 and 39.28 % for
SO2 of the threshold.
Fig. 3.Worst-case atmospheric scenarios for each pollutant. (A) Dispersion plume of SO2

NO2 for a C-type cruise ship modelling for June 16, 2018.
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3.2. Interpolation of air pollutants

Air quality monitoring is a key tool used to determine adherence to air
quality norms and to avoid the burden of disease associated with air
pollution such as stroke, lung cancer and acute and chronic pneumopathies
such as asthma. To effectively assess and evaluate the impact of air pollu-
tion in populations and natural resources, it is essential to have systems,
networks and air quality monitoring programs (Páramo-Figueroa, 2019)
that can provide accurate data and long-term information with transversal
compatibility.

The most recent air quality information from the 2021 mobile monitor-
ing stated that the NO2Mexican standard levels were exceeded only on five
occasions in the year; however, the Mexican standard level of 40 μg/m3

(annual average) exceeds the WHO's air quality guideline values of
10 μg/m3 (annual average) (WHO, 2022) by four times, resulting in a com-
plex regulatory problem that can only be solved by proving the need to
lower the criteria levels stated in the law, with statistical and spatial analy-
ses being a key element in achieving this goal.

In Mexico, there is a gap regarding the compliance with laws related to
air quality. It is mandatory that cities with up to 150,000 inhabitants must
have an air quality monitoring system in operation; however, only 44 to the
total 98 cities fulfil this requirement (SINAICA, 2022). According to its re-
sponsibilities, the Mexican Air Quality Information System has operative
problems reflected in the fact that up to 58 % of cities do not have enough
information to assess compliance with official standards. This is an issue
even when the standards are known, and cities try to comply due to the
lack of proper reference data generation mechanisms. On the other hand,
only 19 %, 4.5 % and 7 % of the results obtained by the functional stations
complied with the ozone, PM10 and PM2.5 standards, respectively
(SEMARNAT, 2020), showing a clear pattern where most cities either can-
not comply or lack the means to do so.

In the case of La Paz, there is no monitoring station for pollutants,
only a weather station than provides basic data. This drives non-
governmental organisations to design and operate means by which to
create the datasets for mobile air quality monitoring in order to obtain
information by which to identify the level of the city's adherence to air
quality standards.
for an E-type cruise ship modelling for December 26, 2018. (B) Dispersion plume of
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Regarding the measurement of air quality, the methodology applied to
estimate airborne concentrations in the La Paz Bay using street-level data
resulted in values of 0.03 μg/m3 for SOx and 8.78 μg/m3 for NOx.

3.2.1. Precision of SOx interpolations
The interpolations conducted for February 20 and 21 showed a trend of

pollutant accumulation that increased during the second day of sampling.
The means of both datasets (0.148 and 1.17 μg/m3, respectively) and
their ranges exhibited consistency during the interpolation process that
allowed us to accurately estimate the level of pollutants in the city through
the samplings carried out.

As shown in Fig. 4A, the subsampling process of the original data of 20
February emphasises the variable concentrations between 0.1 and 0.2 μg/
m3 and 0.3 and 0.45 μg/m3, while a density decrease was identified be-
tween 0.2 and 0.3 μg/m3. Cross-validation confirmed a 3.8 × 10−5 mean
calculated error between the subsampling and the first interpolation and
3.7 × 10−5 between the first and second interpolation, which was where
the intersection values were set.

A comparison of the original sampling and the intersection dataset
(Fig. 4A) showed a considerable adjustment, especially in the 0.08 and
0.3 μg/m3 range. Values below 0.08 μg/m3 exhibited a high number of in-
tersections located far away from the port, while intersections above
0.48 μg/m3 showed a frequency reduction. This latter behaviour can be un-
derstood as a way to discard atypical and isolated values, phenomena
Fig. 4. Dataset composition differences during the interpolation processing steps for SO
represent smoothed data. Density values refer to the relative frequency of intersections
same pollutant.
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clearly observable in the media subsample adjustment that estimated the
mean (0.11 μg/m3) below the initial value but with the benefit of urban
scale estimation.

The data from 21 February showed a similar behaviour tendency in the
analysed process (Fig. 4B); the original dataset showed a mean of 0.17 μg/
m3, while the intersection's mean of the variable was 0.13 μg/m3.

Both the subsample data and the interpolation values were closer to
those of the original sampling. The calculated mean error was
8.7 × 10–5 between the subsample and the first interpolation and had a
slightly high value of 10.9× 10−5 between interpolations. At the intersec-
tion level, the number of values between 0.03 and 0.12 μg/m3 were in-
creased, again as a result of the distance from the port.

3.2.2. Precision of NOx interpolations
The NOx airborne concentrations exhibited better stability during the

interpolation process (Fig. 4C) as compared with those obtained for SOx

pollutants. The 20 February datasets maintained a close mean value be-
tween each step with 21.77 μg/m3 for the field sampling, 21.15 μg/m3

for the subsampling dataset, 20.47 μg/m3 for the first cross-validation
and 19.41 μg/m3 for the intersection dataset; themean errors for each inter-
polation were -7.66 × 10−3 and -2.42 × 10−2, respectively.

Values above 24 μg/m3 (third quartile) were very similar but with
lowered frequencies in each step of the process, while the frequencies pat-
tern maintained the same ranges. The inclusion of peripheral intersections
x and NOx concentration on 20 February 2018 and 21 February 2018. Density lines
for data of the same dataset (n/N) in relation to the concentration bin ranges of the
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for the interpolation samplings barely influenced the mean and median
values of all the datasets, evenwhen there were considerable highNOx con-
centration data in the sampling dataset. This behaviour was expected and
was a main element for selecting the RBF interpolation method over others
used for airborne pollutants, such as the Kriging, Voronoi or IDWmethods
(Bezyk et al., 2021).

In the 21 February datasets, some higher-concentration data points
were present in the field sampling, possibly due to local sources such as
speeding vehicles or small fixed sources; nevertheless, these concentrations
almost disappeared during processing and the pattern remained the same
with mean values of 18.57 (1), 15.4 (2), 15.12 (3) and 15.93 μg/m3

(4) for the respective datasets (Fig. 4D). The mean errors for the interpola-
tions were -1.70 × 10−3 and -1.19 × 10−2 for steps 3 and 4, respectively.

The methodology followed in this work allowed us to precisely identify
the level of pollutants in the different areas that conforms to the city based
on near-ground pollutant monitoring (Moctezuma Escamilla et al., 2022).

According to (Bezyk et al., 2021), the optimisation of the air quality
monitoring network for carbon dioxide in a medium-large city is a signifi-
cant issue and requires advanced interpolation processing and modelling
methods to handle time series with large gaps in measurements; this
methods need to be precise, and needs to consider the spatial distribution
of the sampling data points and establish a proper spatial distribution for in-
terpolated value recollection in order to generate an accurate dataset that
completely reflects the phenomena while surpassing hyper-local spikes in
concentrations and foul data that could cause errors in the interpolation
process, especially for extract interpolation methods.

3.3. Spatial correlation between the AERMOD model and RBF interpolation at
the intersection level

The results of the simulation of airborne cruise ship pollutants identified
a specific area of 1.03 ha (NOx) and 3.60 ha (SOx) located west of La Paz
city. In this area, the pollutants related to cruise ships were found to con-
tribute up to 5 μg/m3 of SOx and up to 3 μg/m3 of NOx. The identification
of the coastal areas impacted by cruise shipping pollution is the first step in
scientifically identifying sources of pollution so as to effectively assess air
quality policies and programs.
Fig. 5. Spatial comparison between the AERMOD model and RBF interpolation samplin
(B) 21 February scenario comparison.
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One way to address this issue is by comparing the modelled values and
field data to provide insights on how the port contributes and changes the
concentrations of the pollutants in the city, and, more importantly, how
these values can explain the spatial correlation of the sources that generate
them and their dispersion in the city.

Spatial correlations not only shed light on how pollutants behave spa-
tially but also on what influences their concentrations. Other approaches
have used these methods to identify sources of pollution (Qi et al., 2022)
from transmission channel, and even to link pollutant concentrations tomo-
bile sources, such as traffic, and specific parts of the road network (Reche
et al., 2022), showing the great flexibility of the spatial data analysed,
and the results that can be obtained from such data.

3.3.1. SOx pollutants
Interpolated SOx pollutant concentrations at the intersection level pre-

sented a clear spatially clustered pattern for both lower and upper concen-
trations related to the AERMODmodel coverage; values of 0.16 μg/m3 and
higher formed corridors either inside the model or in the north part of the
city and parallel to the coastline (Fig. 5).

The airborne concentrations for 21 February showed higher concentra-
tions than those seen the previous day, butmost of the lower ones remained
in the same positions, mostly towards the eastern side of the urban area.
Some of these intersections share a spatial locationwith a corridor that con-
nects the coastal zone of the city with the two urban ways in the city that
have a greater traffic demand, namely, Forjadores Blvd. and General
Agustin Oalachela Blvd. intersection with 5th of February Avenue.

One of the main differences between the 20 February (Fig. 5A) and 21
February (Fig. 5B) scenarios was that, of the 587 of intersections outside
the AERMOD coverage (31.56 % of the total considered), only 39.53 %
were above their mean value on 20 February, but on 21 February,
51.78 % were over the dataset mean, showing and increase in pollutants
outside the model.

The elevation patterns showed mild-to-low negative correlations to air-
borne SOx concentrations as data alone (20 Feb Pearson: −0.53, p < 2.2e-
16; 21 Feb:−0.30, p < 2.2e-16) and as spatial patterns (20 Feb Moran's I:
−0.53, p < 0.05; 21 Feb Moran's I: −0.29, p < 0.05); only 29.13 % of all
the intersections' elevation was above 35 m above sea level, and, of those,
gs at the intersection level for SOx pollutants. (A) 20 February scenario comparison.
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89.19%and 77.54%had values under 0.10 μg/m3 for each day, whichwere
half of the minimal and most common AERMOD model value estimations.

The DiLISA analysis presented a more detailed spatiotemporal scenario
showing high levels of spatial clustering between the SOx concentration dif-
ferences (Moran's I=0.95, p≥0.05). Two clearly distinguishable and signif-
icant clusters were formed, both spatiallywide and bothwith different spatial
arrays: onewith high differential rates and onewith lowones; both presented
some sparse and unconnected pockets andwere delimited by non-statistically
significant correlations. Both of them were completely bounded in the
AERMODdispersionmodel coverage; only the low cluster hadmore intersec-
tions inside (77.88 %) as compared to the high-difference cluster (32.07 %).

No high-low or low-high differential correlation clusters were formed
either in this comparison or in the following ones for this pollutant, and
only 65.65 % of all the intersections spatially matched the AERMOD
model coverage, but, even when the model covered more than half of the
intersections, 66.22 % of them lacked statistical significance in the spatial
correlation analysis.

When estimating the DiLISA index using each day's RBF interpolated
values as the pollutant baseline and the AERMOD values as the “event”,
high spatial clustering of differences was also observed on both days; con-
centrations of 1.0 μg/m3 showed a clear influence as the main delimiter
of high pollution related to ships' activity. On 20 February, a Moran's I
index of 0.89 was estimated (p ≥ 0.05), showing a high clustering spatial
pattern; a 241-intersection cluster showed a high influence of ships' pollut-
antswith SOx concentration differences ranging between 0.54 and 2.95 μg/
m3 (mean = 1.12, S.D. = 0.71).

In the low-influence cluster, the differential values showed SOx concen-
trations above the AERMOD model estimations, with 593 intersections
clustered in two groups of low influence of ships' pollutants, one cluster
covering almost all the northeast of the city (444 intersections, mean =
−0.11, S.D. = 0.04) and one cluster between the two main corridors of
the AERMODmodel (149 intersections, mean =−0.13, S.D. 0.11), mean-
ing that these concentrations are related to sources other than cruise ships
that dock or arrive at La Paz port.

3.3.2. NOx pollutants
The pollution patterns related to NOx were significantly different from

those that SOx showed in at least three main aspects: First, the coverage
Fig. 6. Spatial comparison between the AERMODmodel and RBF interpolation samplin
(B) 21 February scenario comparison.
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of the AERMOD dispersion showed a considerable concentration difference
towards the interpolated values (Fig. 6A and B); second, the AERMOD
intersection's coverage had only a few sampling data, with coverage of
7.71 % on 20 February and 1.96 % on 21 February, affecting the interpola-
tion dataset's coverage (5.99 % and 4.37 %, respectively), and even when
the RBF interpolation sampling had more spatial coverage at the intersec-
tion level (13.86 %), the spatial coverage was still narrow for the correla-
tion analysis.

Elevation was found to be weakly correlated with NOx concentrations
(20 Feb: Pearson: −0.19, p < 4.84e−15; 21 Feb: −0.31, p < 2.2e−16)
even at the spatial level (20 Feb: Moran's I: −0.18, p < 0.05; 21 Feb:
Moran's I: −0.31, p < 0.05); but overall, they remained low in pollutant
concentrations, with only 18.00 % of the 472 intersections having above-
mean levels on 20 February and 11.22 % of them being above average on
21 February.

The analysis also showed a decreasing tendency of the pollutant over
time, implying than evenwhen there is some accumulation of the pollutant
in certain higher areas, most of them have a lower presence of NOx as the
elevation becomes higher. Urban intersections that have higher concentra-
tions tended to be closer to the port and in the north part of the city, while
those with lower concentrations were present in the south on 20 February
and across all of the city on 21 February, and even in a large part of the
AERMOD coverage area.

The differential values showed little to no impact at all from the
AERMODmodel concentrations in relation to the full NOx sampled values.
No intersections had a dominant input from the model, and the Moran's I
value for both days were the same for the differential analysis and autocor-
relation estimates (0.91 and 0.89, respectively), showing that the NOx con-
centrations present in the urban area are not related to cruise activities but
to other sources that this study has not covered due to methodological con-
straints; further analysis will be presented in further publications.

3.4. Clustering co-location analysis and airborne concentration estimation

As differential clustering sheds light on the spatial patterns shown for
each pollutant, temporal comparisons can be also addressed in a quite pre-
cise way and expressed in cluster consistency among days, even when the
mean values of each dataset are different; this is because of the nature of
gs at the intersection level for NOx pollutants. (A) 20 February scenario comparison.
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Moran's I clustering, which groups values according to their above- or
below-mean position.

For SOX, the low-low cluster was completely outside the AERMOD
model coverage, while the high-high cluster was almost completely inside
the area with contributions of >1.0 μg/m3 from the cruises; no significance
cluster was sparse inside or outside themodel coverage, but mostly outside.
The characteristics of each cluster can be seen in more detail in Fig. 7.

The SOx scenarios showed a clear difference in the minimal values of
those intersections influenced by cruise activities in La Paz port and those
that were not influenced by cruise activities, with values of 0.05 ±
0.01 μg/m3 when the intersections were influenced by cruise activity and
0.03 ± 0.01 μg/m3 for those whose SOx pollution was not related to the
port. Wider variation was found for those intersections that did not present
cluster constancy withminimal values of 0.02± 0.02 μg/m3, a mean value
of 0.19± 0.034 μg/m3 and DiLISA values either near 0.75 or 0.00 (Fig. 7D
and E).

The co-location analysis of the DiLISA index for SOx also allowed us to
identify an area located in the east of La Pazwhere the cruise ship contribu-
tion to the airborne concentration of La Pazwas directly over the sea. In this
area, the airborne concentration of SOx calculated by the AERMOD model
(red) exceeded the airborne concentration of this pollutant by up to
2.96 μg/m3, a concentration that could threaten themangroves andwildlife
on the coast, as well as waterbodies and the population residing near this
area. Intersections with high levels of SOx in the mobile monitoring
(blue) were found to be related to sources of pollutants inside the city
other than those from cruise ships. A further analysis for the identification
of the origin and dispersion of SOx is needed. The preliminary sources iden-
tified the cargo ships of Pichilingue port and the two energy plants. The
monitoring of these pollutant sources is necessary tomore thoroughly iden-
tify their emissions throughout the day and their dispersion patterns.

The NOx scenarios, on the other hand, showed a lack of influence from
the cruise activities, even to the point that almost all the intersections inside
the AERMODmodel coverage belonged to the cluster lacking statistical sig-
nificance (Fig. 8C), showing a near-0.00 DiLISA index and the clear obser-
vation of a random spatial distribution, especially on 21 February in
comparison to the previous day (Fig. 8D). The minimal values of the “no
Fig. 7. Co-location analysis of differential DiLISA spatial correlations for SOx pollutants. (
clusterswith SOx pollution related to cruise ships fromLaPaz port. (D) DiLISA values for “
Colours in graphs A and B correspond to colours in map C.
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consistency” clusterwere the only ones that have importance for this pollut-
ant, with a concentration of 8.78±5.99 μg/m3 of NOx and amean value of
16.84 ± 2.70 μg/m3. The estimated values for the high-high cluster were
almost equivalent (minimum: 12.57 ± 3.54, mean: 14.08 ± 2.78) in
range, and thus, do not bring new information to the port pollution analy-
sis, nevertheless, further analysis could be done in order to better under-
stand urban pollution patterns for this particular pollutant.

Most of the intersections showed variance in clustering consistency or no
statistical significance (Fig. 8D), indicating that the spatial relationships of
airborne pollutants require more variables (and sources) included in such
studies, possibly frommobile sources, in order to provide significant results.

4. Conclusions

This study proposes a novel methodology to join databases of field sur-
vey data (using low-cost analyzers) and the resulting estimates of air pollut-
ant concentrations with the calculated values of the AERMOD modelling
system coupled with WRF generated by cruise ships emissions. The results
of the spatial pattern of pollutant concentration based on the use of differen-
tial Moran's I Index with local indicators of spatial association (DiLISA) can
determine pollution at the intersection level with enough confidence to be
of use for urban placeswhere formal pollution surveys are not implemented.

The results highlight the importance of effective air quality manage-
ment and monitoring in La Paz, Baja California, considering the expansion
plans for cruise ship activity in the study area. The authors consider that the
proposedmethodology and its results bring new insights to pollution source
identification in La Paz city and could be of great use for other locations
where air qualitymonitoring data are not being generated or are not openly
accessible to the population. On the other hand, further research may ana-
lyse the impact of cargo ships and power plants on the air quality of La
Paz's Bay.
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