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The WRF-Chem model was applied for gas and aerosol chemistry in Quito, Ecuador, at a high horizontal
resolution of 2 km. WRF-Chem was chosen due to its full coupling of meteorological and chemical
processes, which is particularly suitable for complex topography and urban-scale simulations. Emission
inventories were taken from EDGAR for the outer domains (32 and 8 km horizontal resolution), and local
emission estimates were used for the innermost domain (2 km resolution) as initial estimates. The base
year of simulation was 2018, and two months were chosen: April and December. WRF-Chem results
were tested at five air quality stations across the Quito metropolitan area. To reduce bias between
modeled and observed concentrations, Quito 2011 baseline emissions for CO, NO,, SO,, and PM, s were
adjusted by factors of 1.5, 0.75, 0.30 and 3.0 approximately, resulting in annual emission estimates of
300, 27, 1.5 and 7.5 kilotonnes per year (kton per year) for CO, NO, (expressed as NO, equivalent), SO,
and PM, s, respectively. The model run with these adjusted emissions showed good performance for
CO, NO,, SO,, and O3z (r ~0.4-0.8), but performance was lower for PM, 5 (r ~0.4-0.5), particularly in the
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impact of biogenic VOC emissions on ozone and PM, s is positive but small (+3-8%), and the inclusion

DOI: 10.1039/d5va00059% of aerosol radiative feedback is minor (~—0.5%), because of the relatively small ambient PM;s

rsc.li/esadvances concentrations in Quito.

Environmental significance

Urban atmospheric emission inventories are needed for developing urban air quality policies. However, these inventories include uncertainties coming mainly
from the lack of emission factors tailored to the local context, which is the case in developing countries. The implementation of a state-of-the-science air quality
model is an objective tool for improving these emission inventories. The application of the WRF-Chem model in the city of Quito, Ecuador, has led to
a substantial improvement in available local emissions estimates. These updated emissions estimates would help researchers involved in air quality modelling
tasks, such as urban air quality regulation or regional-scale air quality forecasts.

Ecuadorian coast are other examples of problems associated
with air pollution in Ecuador.”

1 Introduction

In the Ecuadorian state, air pollution is one of its main envi-
ronmental issues. Intense vehicular traffic and unplanned
urban development are the major contributors to emissions of
primary air pollutants.' However, they are not the only emission
sources at play: the impacts of oil extraction and associated
flaring activities in the Amazon region and the combustion of
natural gas from deposits in the same area, non-metallic
mining, the operation of thermoelectric plants for energy
generation, and aerial fumigation in banana plantations on the
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Urban air quality management is an imperative facet of
contemporary environmental stewardship, particularly in
rapidly growing cities where the coexistence of industrial
activities, vehicular emissions, and natural geographical
constraints intensifies negative impacts on air quality and
public health.*® Quito, located in a narrow Andean valley at an
elevation of 2850 meters, with steep surrounding terrain and
limited horizontal air circulation, presents a challenging case
for studying urban air quality dynamics.*®

Within this context, our study focuses on the burgeoning
metropolis of Quito, the capital city of Ecuador, situated within
the Andean landscape. This introduction serves to delineate the
scope and objectives of our research while contextualizing it
within the broader discourse on urban air quality management.

The current state of the art in air quality simulation, espe-
cially for Ecuador and tropical countries with similar geogra-
phies such as Peru, Brazil, and Colombia (among others), has
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been based on Eulerian chemical transport models, which
constitute the central element for air pollution forecasting
systems.”™ In Ecuador, only a few studies have applied or
evaluated meteorological models using local data. Valencia
et al.® modeled urban background pollution in Quito using
a coarse resolution and limited observational validation.
Moscoso-Vanegas et al.* modeled air quality in Cuenca, but
their study also lacked detailed model evaluation. Parra*>*’
analyzed WRF and WRF-Chem performance for specific mete-
orological and chemical variables in the Andean region but did
not conduct comprehensive urban modeling. Cazorla and
Tamayo'® described atmospheric measurements in Quito
without applying or validating numerical models. These exam-
ples underscore the lack of systematic model evaluation efforts
in Ecuador. Additionally, the evaluation of data in the vertical
direction is almost nonexistent in tropical areas such as Ecua-
dor'” due to the scarcity of radiosonde data in the country.
Despite its ecological significance and burgeoning population,
Quito remains relatively understudied in the domain of air
quality research, prompting the need for localized modeling
efforts tailored to its specific context.*®

Given the complex topography, meteorological variability,
and spatial heterogeneity of emission sources in Quito,
a three-dimensional Eulerian modeling framework is
required. WRF-Chem was selected because it enables full
online coupling of meteorological and chemical processes,
which is critical for capturing feedback between local meteo-
rology and pollutant dynamics, particularly in tropical
mountainous regions. Compared to decoupled, off-line
Eulerian or Lagrangean models, WRF-Chem provides
enhanced realism and spatial resolution for urban-scale
applications, precisely because of its fully coupled treatment
of chemistry and meteorology.>*>

While mobile sources are recognized as the primary
contributors to air pollution in Quito, other important sources
were also considered. These include thermoelectric power
plants, industrial emissions, the use of liquefied petroleum gas
(LPG) in residential and commercial sectors, solvent use, and
emissions from waste and area sources.”® These categories are
fully detailed in Section 2.2 and Table 2.

Moreover, ozone levels in Quito present a persistent issue,
with exceedances of the regulatory 8-hour standard (100 pg
m ) documented across several years. Details and supporting
statistics are provided in Section 2.1 and Fig. 3. The implica-
tions of this problem and further details will be discussed in the
monitoring section below. The primary objective of our study is
twofold: first, to model the gas and aerosol chemistry within
Quito's atmospheric domain and, second, to improve emission
inventories for the city through advanced air quality modeling
techniques. By using the WRF-Chem model, we seek to under-
stand Quito’s atmospheric composition and pollutant distri-
bution, marking one of the first applications of such advanced
modeling techniques in this region.

To achieve this objective, we combine empirical data,
advanced chemical transport models, and high-resolution
emission inventories.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Methods

2.1 Study area and monitoring stations

Quito is located on the eastern slopes of the Pichincha volcano
in the western Andes, at an elevation of 2850 meters above sea
level.** Positioned at the equator, it receives high solar radia-
tion.” The city covers 372 km? (ref. 26) and had a population of
2239191 as per the 2010 census.”” This population, along with
the area coverage, includes both urban and rural areas within
the Metropolitan District of Quito (DMQ), which is included in
the innermost domain of the study (Fig. 1c). Quito's urban
sprawl has led to significant urban heterogeneity.*® Its moun-
tainous terrain influences its layout, resulting in varied eleva-
tions and building heights.* Expansion into valleys and plains
has increased population density in specific areas, affecting
local weather and air quality.>**®

The city's climate, classified as ‘tropical mountain’ or
‘Andean temperate’ by INAMHI, features moderate tempera-
tures with daily fluctuations, ranging from 10 °C to 20 °C.*
Influences from the Humboldt Current and easterly trade winds
create climatic variability.** Quito has a wet season from
October to May and a dry season from June to September, with
peak rainfall from March to May.>***

In the city of Quito, the Metropolitan Atmospheric Moni-
toring Network (REMMAQ, for Red Metropolitana de Monitoreo
Atmosférico de Quito) began its operation in mid-2003, and
since January 2004, it has been providing air quality informa-
tion. It primarily consists of an Automatic Monitoring Network
(RAUTO, for Red Automatica), composed of nine fixed stations,
which are in each of the zonal administrations of the Metro-
politan District of Quito (DMQ). These stations operate
continuously 24 hours a day throughout the year, generating 10-
min averaged concentrations for pollutants such as particulate
matter (PM, 5 and PM,,), carbon monoxide (CO), sulfur dioxide
(SO,), nitrogen oxides (NO,), and ozone (O3).*

Fig. 2 shows the monthly average concentrations of key air
pollutants in Quito from 2004 to 2018, obtained from the
REMMAQ. The values represent the average across all moni-
toring stations, providing an overview of air quality for the
entire city. Carbon monoxide (CO) shows a significant decrease
since 2004, stabilizing at low levels after 2008. Nitrogen dioxide
(NO,) concentrations exhibit significant variations with higher
levels observed during the rainy season, particularly during
peak traffic hours. This pattern has been associated with
increased vehicular emissions and meteorological conditions
that limit vertical dispersion of pollutants in Quito.**

The trends in air pollutant concentrations observed in Fig. 2
are influenced by several local factors, including topography,
meteorology, vehicular and industrial emissions, regulatory
policies, and episodic pollution events.**>**3*3% Quito is in
a narrow high-altitude Andean valley approximately 2850
meters above sea level, which limits pollutant dispersion due to
the surrounding steep terrain.** The city's complex mountain-
valley wind system contributes to stagnation events, particu-
larly during nighttime and early morning thermal inversions,
which are common in the region and trap pollutants close to the
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Fig. 1 Geographic location of the study area. (a) South America, highlighting Ecuador; (b) Ecuador, showing the location of Quito; and (c) the
urbanized area of Quito, with the positions of the air quality monitoring stations (BEL, CAR, COT, CAM, and GUA). The basemap corresponds to

OpenStreetMap imagery.

surface.” These conditions are particularly relevant for pollut-
ants such as CO and NO,, which exhibit higher concentrations
during these hours.

Vehicular emissions represent the primary source of CO and
NO, in Quito. The significant decrease in CO concentrations
after 2004, followed by stabilization at lower levels post-2008, is
consistent with fuel quality improvements and emission control
policies.** Additionally, the implementation of the “Pico y
Placa” vehicle restriction policy in 2010 likely contributed to
reducing traffic-related emissions, although its long-term
impact on air quality remains debated.***® The variability in
NO, concentrations, which lacks a clear long-term decreasing
trend, may be linked to the increasing use of diesel-powered
vehicles, which emit higher levels of NO, despite fleet renewal
efforts.”” Regarding SO,, high concentrations persisted until
2009, likely due to the use of high-sulfur fuels in industrial and
vehicular sources.>*?® The decline in SO, levels after 2009
coincides with the implementation of stricter fuel sulfur
content regulations, which led to a shift toward low-sulfur fuels
and reduced industrial emissions.® However, fluctuations in
SO, concentrations may also be attributed to episodic volcanic
activity, particularly from Cotopaxi (eruptions in 2015-2016)
and Sangay (frequent eruptions since 2019), both of which have
been shown to impact air quality in Quito.*® These eruptions
released significant quantities of SO, and particulate matter,
with plumes occasionally reaching Quito depending on pre-
vailing wind conditions. Finally, urban expansion and land-use

1312 | Environ. Sci: Adv,, 2025, 4, 1310-1332

changes have influenced pollutant distribution by modifying
traffic flow, increasing congestion, and altering emission source
locations. As Quito continues to grow, the spatial redistribution
of pollution sources may contribute to variations in pollutant
concentrations across monitoring stations.*

In addition to mobile sources, other contributors to air
pollution in Quito include emissions from thermoelectric
power plants, industrial activities, residential and commercial
combustion of LPG, solvent use, and biomass burning from
both structural and forest fires.>® These sources are reflected in
the emissions inventory described in Section 2.2.

The interactions between O3, NO,, and SO, are influenced by
photochemical reactions that depend on the availability of solar
radiation and atmospheric oxidants. O; formation, for instance,
consumes NO and influences NO, concentrations through
photostationary equilibrium.*®*® Similarly, precipitation plays
a key role in the wet deposition and washout of particulate
matter, particularly PM,5.>° These dynamic processes are
captured in WRF-Chem through its fully coupled meteorolog-
ical and chemical mechanisms, allowing the model to account
for seasonal variability in radiation, temperature, and rainfall,
and their effects on pollutant formation and removal.

Ozone (0;) shows variable concentrations with clear
seasonal peaks, frequently exceeding 40 pug m >. Oz concen-
trations exceeded the 100 pg m? threshold in multiple years
and across several stations during the 2004-2018 period,
particularly at Carapungo and El Camal, indicating a recurring

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Monthly average concentrations of key air pollutants in Quito from 2004 to 2018: (a) CO, (b) NO,, (c) SO,, (d) Oz, and (e) PM, 5. Values
represent the average across all monitoring stations of the Metropolitan Atmospheric Monitoring Network (REMMAQ), operated by the Secretaria
de Ambiente of the Municipality of Quito. The authors do not own the monitoring network. The data are publicly available through the official

website: https://ambiente.quito.gob.ec/.

air quality concern. According to the Ecuadorian regulation, as
stated by the National Institute of Meteorology and Hydrology
(INAMHTI), the limit for ozone is set at 100 ug m ™~ over an 8-hour
average period.*** Fine particulate matter (PM,s) presents
significant fluctuations in concentrations, with several peaks
over the years, showing a general downward trend but with
notable seasonal variability.

Fig. 3 illustrates the trend in short-term ozone (O3) concen-
trations over the years 2014 to 2018. The values presented
represent the average across all monitoring stations in the city.
This trend results from the combined influence of meteoro-
logical conditions (e.g., high solar radiation, low wind speeds,
and thermal inversions), emission sources (particularly vehic-
ular traffic), and photochemical processes that regulate ozone
formation and variability.”>*® The data exhibit significant fluc-
tuations with evident seasonal peaks, particularly during April
and September, which coincide with periods of enhanced
photochemical activity. These peaks are accompanied by
frequent exceedances of the 100 pg m > limit for the 8-hour
moving average ozone concentration established by Ecuadorian
regulations.” Persistent exceedances—defined as multiple
instances over several consecutive years—are clearly observable
during this period. This pattern corroborates the findings of

© 2025 The Author(s). Published by the Royal Society of Chemistry

Cazorla® and Alvarez-Mendoza et al.,** who reported chronic
exceedances of ozone limits in Quito, underscoring the need for
sustained monitoring and mitigation strategies. Furthermore,
there is no observable decline in the frequency of these events
between 2008 and 2018 (Fig. 3).

The names, geographic locations, and altitudes of the
stations included in Table 1 were obtained from the Secretaria
de Ambiente del Municipio de Quito (https:/
ambiente.quito.gob.ec/). Although the website provides
general station metadata, the air quality and meteorological
data used in this study were obtained through a formal data
request. Table 1 includes the parameters measured at each
station, their sampling frequency, and the year range covered
in the analysis.

2.2 Annual emissions and their spatiotemporal distribution
for Quito

The 2011 emissions inventory for the Metropolitan District of
Quito (DMQ) was developed using previous inventories from
2003, 2005, 2007, and 2009,** and it is the starting point to
build up the emission inventory for the innermost modeling
domain (see Section 2.4 below) in the present work. The analysis
area covers a square surface of 110 km per side, equivalent to 1°

Environ. Sci.: Adv., 2025, 4,1310-1332 | 1313
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Fig. 3 Daily maximum 8-hour average ozone (Os) concentrations from 2004 to 2018 at five monitoring stations in Quito: BELISARIO, CAR-
APUNGO, COTOCOLLAO, EL CAMAL, and GUAMANI. Red markers represent exceedances above the Ecuadorian regulatory standard® of 100 ug
m~> for 8-hour average Osz. Concentrations between 40 and 100 ug m~> are shown in green to indicate periods of moderate exposure risk. The
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Table 1 Monitoring stations for Quito.“?

Code  Station Longitude Latitude Altitude (m asl) Measured parameters Frequency  Data coverage

BEL  Belisario —78.495677  —0.1851697 2835 0, NO,, SO,, CO, PM, 5, 10 min 2004-2018
temperature, wind, RH, pressure

CAR  Carapungo —78.449413  —0.09548 2660 03, NO,, SO,, CO, PM, 5,PM;, 10 min 2004-2018
temperature, wind, RH, pressure

COT  Cotocollao  —78.49954 —0.11051 2795 03, NO,, SO,, CO, PM, s, 10 min 2004-2018
temperature, wind, RH, pressure

CAM  El Camal —78.517214  —0.2518482 2840 03, NO,, SO,, CO, PM, s, 10 min 2004-2018
temperature, wind, RH, pressure

GUA  Guamani —78.553478  —0.3342668 3066 03, NO,, SO,, CO, PM, s, 10 min 2004-2018

temperature, wind, RH, pressure

“ Source: Secretaria de Ambiente del Municipio de Quito (https://ambiente.quito.gob.ec/). ” Although all stations in the Metropolitan Air Quality
Monitoring Network (REMMAQ) measure fine particulate matter (PM,s), gaseous pollutants (CO, NO,, SO,, and O3), and meteorological
variables, only the Carapungo station is equipped with sensors for coarse particulate matter (PM;,). This distinction is based on validated data
sources and historical reports of Quito's air quality monitoring efforts. The meteorological variables include temperature, wind (both speed and
direction), relative humidity (RH), and atmospheric pressure. Measurements are automatically recorded every 10 minutes; however, data are not
consistently available across all months and years due to periodic equipment maintenance, calibration, or operational issues. Although the
table shows a general data range from 2004 to 2018, users must verify completeness for specific periods of interest.

1314 | Environ. Sci.: Adv, 2025, 4, 1310-1332 © 2025 The Author(s). Published by the Royal Society of Chemistry


https://ambiente.quito.gob.ec/
https://ambiente.quito.gob.ec/
https://ambiente.quito.gob.ec/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5va00059a

Open Access Article. Published on 25 June 2025. Downloaded on 2/24/2026 8:31:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

of latitude/longitude, encompassing 12 323 km?* and including
the entire Metropolitan District of Quito. The inventory
includes pollutants such as nitrogen oxides (NO,), non-
methane volatile organic compounds (NMVOCs), particulate
matter less than 10 and 2.5 microns (PM;, and PM, s, respec-
tively), ammonia (NHj3), carbon monoxide (CO), and sulfur
dioxide (SO,).**

Given the absence of locally derived emission factors, most
values were sourced from peer-reviewed studies and emission
inventories conducted in Mexico and the United States, where
urban conditions and transportation emissions are comparable
to those in Quito.>** Additionally, to enhance the spatial and
temporal accuracy of emissions, refinements were applied in
the innermost modeling domain. These included the use of
traffic intensity measurements and fuel consumption data,
local emission factors for gasoline vehicles, and monthly and
hourly emission profiles tailored to the Quito's urban
context.*>™*®

Emission sources are categorized into three main groups:
mobile, stationary, and area sources (Table 2). Mobile sources
include emissions from on-road vehicles (light-duty gasoline
and diesel vehicles, public buses, taxis, and motorcycles) and
aircraft operations at the Mariscal Sucre Airport. Stationary
sources encompass emissions from thermoelectric power
plants and industrial facilities engaged in manufacturing, food
processing, and fuel combustion. Area sources comprise
biogenic emissions (from vegetation and soil), residential and
commercial use of liquefied petroleum gas (LPG) and solvents,
residential ammonia (NH;) emissions from domestic waste and
cleaning products, emissions from gas stations and fuel depots,
dust from paved and unpaved roads, wind erosion, quarrying
activities, forest fires, and structural fires, which refer to fires
occurring in buildings and other human-made structures (e.g.,
residential or industrial facilities). Unlike previous inventories,
the 2011 inventory did not evaluate emissions from barbecues
and brick kilns due to their relatively low contribution.*

The 2011 emissions inventory was selected for the 2018
simulations because it represents the most comprehensive and
detailed dataset available for the region at the time of modeling.
Although inventories for 2003, 2005, 2007, and 2009 exist, they
were developed using generalized emission factors and
national-level activity data, without adequate spatial disaggre-
gation. No validated inventories were found for 2013 or 2015
that met the requirements for urban air quality modeling. More
recent efforts, such as a traffic-based emission study® from
2012 or a 2015 carbon footprint inventory (Ecuadorian

Table 2 Annual emissions in DMQ, 2011 (tons per year)”
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Greenhouse Gas Inventory®®), were limited in scope and focused
on specific sectors or greenhouse gases. In contrast, the 2011
inventory incorporated locally collected data and was refined
using high-resolution proxy variables such as road network
density, population distribution, and sectoral fuel consumption
to enhance the spatial allocation of emissions within the
innermost domain. These features made it the most appro-
priate base for simulations conducted in this study. This limi-
tation is acknowledged as a constraint in the present study and
reflects the broader challenges of emissions data availability in
developing countries. While more recent global inventories,
such as EDGAR HTAPv3,** provide emissions data up to 2018,
they lack the high spatial resolution required to accurately
represent emissions at the urban scale in Quito. The use of
a locally developed inventory allowed for a better representation
of urban emission patterns, making it a more suitable choice
for modeling air quality in the region.

A horizontal resolution of 2 km was selected as a trade-off
between spatial accuracy and computational feasibility. WRF-
Chem simulations with online chemistry, multiple nested
domains, and multi-month runs are computationally intensive.
Preliminary tests using a 1 km resolution did not yield signifi-
cant improvements in model performance but led to a consid-
erable increase in computational burden and data processing
time, associated with reduced integration time steps to keep
numerical stability. Similar resolutions have been effectively
used in cities with complex terrain and data constraints.®®

Regional background contributions (boundary conditions)
were handled using a nesting strategy. Anthropogenic emis-
sions from EDGAR were applied to the outer domains (32 km
and 8 km), capturing regional-scale processes, while the 2 km
innermost domain relied on a refined local inventory. Through
dynamic boundary conditions, regional pollutants are trans-
ported into the urban domain, ensuring a realistic representa-
tion of regional contributions at finer scales.

2.3 The weather research and forecasting model (WRF)

The Weather Research and Forecasting Model with Chemistry
(WRF-Chem), a numerical model, simulates the main physical
and chemical processes at urban, regional (basin), and synoptic
(country) scales. To model gas and aerosol chemistry and esti-
mate emission inventories in Quito, the WRF-Chem (Version
4.4)°>% model was employed with three nested spatial domains
at 32, 8, and 2 km horizontal resolutions. Anthropogenic
emission inventories from EDGAR were processed using

Sources CO SO, NO, PM,, PM, 5 NMVOC NH;
Mobile sources 77978 1166 17 344 1095 832 11935 396
Stationary sources 686 3582 7037 372 226 5614 88
Area sources 462 5 680 1825 278 20792 1442
Total 79126 4753 25060 3292 1337 38341 1926

¢ Source: Distrito Metropolitano de Quito, Secretaria de Ambiente, 2014. Informe Final Inventario de Emisiones de Contaminantes Criterio, DMQ

2011. Author: Juan Carlos Baca.
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HERMES-v3 software.** The innermost domain's inventory was
spatially distributed based on industrial point sources’ location,
population density data from the Global Human Settlement
Layer (https://human-settlement.emergency.copernicus.eu/),
and vehicle counts at 110 measuring points across the city,
accounting for industrial, residential, and road traffic sources,
respectively.>**> Biogenic VOC emissions were estimated in
real-time using the MEGAN model within the WRF-Chem
framework, while the chosen chemical mechanism was CBMZ
with MADE/SORGAM aerosols (mechanism 30 in WRF-
Chem).>*>¢

In this study, we obtained the global meteorological data
required to generate boundary and initial conditions for WRF
from meteorological reanalysis accessible at the National
Centers for Environmental Prediction (NCEP), FNL Operational
Model Global Tropospheric Analyses featuring a spatial reso-
lution of 0.25° updated every six hours.?” These data were input
to the WRF Preprocessing System (WPS) to generate IC and BC
WREF input files.

While WRF-Chem was selected for this study due to its fully
coupled treatment of meteorology and chemistry, other models
are available for regional air quality modeling. Offline models
such as CMAQ*® or CHIMERE* simulate regional-scale trans-
port using meteorological inputs from external models.
However, they do not allow feedback between chemistry and
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as the tropical Andes. This decoupling may lead to errors in
predicting pollutant concentrations influenced by meteorology-
sensitive processes such as ozone photochemistry or aerosol-
radiation interactions.”®*® Lagrangean models, although
computationally efficient for simulating plume dispersion of
tracer species or specific source tracking, are not well suited for
simulating the complex spatial distribution of pollutants in
topographically constrained cities such as Quito. Their limited
ability to represent chemical transformations and background
accumulation from multiple sources can result in an underes-
timation of secondary pollutant formation and urban-scale
concentrations.® These considerations support the use of an
online Eulerian model such as WRF-Chem to better capture the
interplay between meteorology, emissions, and chemical
transformations across scales.

The base year of simulation, 2018, includes April and
December as focal months for testing emission inventories to
account for seasonal variations. April represents one of the
rainy peaks, capturing the cooler and wetter conditions, while
December, despite being part of the rainy season, often expe-
riences a small summer or a short period of sunny and warm
weather. These months were selected to ensure the model
accounts for the distinct climatic conditions affecting air
quality throughout the year.”® We tested several planetary
boundary layer schemes, including Yonsei University (YSU),

meteorology, which can be important in dynamic regions such Mellor-Yamada-Janjic ~ (MY]), Mellor-Yamada-Nakashini-
Table 3 WRF Chem configuration and parameterization
Parameter & domains Model configuration
max_dom =3
e_we =75, 105, 77
e_sn =75, 105, 69
e_vert =53, 53, 53
p_top_requested =5000
num_metgrid_levels =32
num_metgrid_soil_levels =4
dx =32 019.11, 8004.778, 2001.194
dy =32019.11, 8004.778, 2001.194
dzbot =20
smooth_option =0
use_surface =.true
force_sfc_in_vinterp &physics and &chem =1
Planetary boundary layer YSU Hong et al.®®
MY] Janjié¢®?
MYNN2 Nakanishi & Niino®*
BouLac
Microphysics WSM6 Hong, & Lim®
Radiation
Longwave RRTMG Tacono et al.®®
Shortwave RRTMG Iacono et al.®®

Surface layer MMS5 similarity
Surface physics
Urban surface physics
Cumulus

Chemical mechanism

Grell 3D ensemble scheme

Unified Noah Land Surface Model
Building Environment Parameterization (BEP) scheme

CBMZ chemical mechanism and MADE/SORGAM
(Modal Aerosol Dynamics Model for Europe/Secondary

Paulson;®” Dyer & Hicks;®®

Webb;®° Jiménez et al.”®

Tewari et al.”

Martilli et al.”

Grell & Dévényi”

Stockwell et al.,”*, Ackermann et al.,””
and Schell et al.”®

Organic Aerosol Model) modal aerosol
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Niino 2.5 (MYNN2), and Bougeault-Lacarrere (BouLac) to assess
their efficacy in capturing Quito's atmospheric dynamics.'®>¢
Cumulus and aerosol radiative feedback are also integrated into
our model configuration (Table 3).

2.3.1. Model configuration. The horizontal domain
includes three nested unidirectional domains, centered at 2°
12/0.00” S and 79°0'21.388" W, with horizontal spacings of 32, 8,
and 2 km, as depicted in Fig. 4. These three domains span 75,
105 and 77 cells in the E-W direction and 75, 105 and 69 cells in
the N-S direction, respectively. This configuration provides
enhanced spatial resolution, effectively capturing atmospheric
phenomena at finer, local scales. The innermost domain, with
a 2 km grid spacing, encompasses the urban area of Quito
(Fig. 4).

The selection of spatial scales for emissions was designed to
ensure consistency with the WRF-Chem model resolution and
atmospheric processes. The horizontal allocation of emissions
followed the model grid resolution, with EDGAR v4.3.2 emis-
sions” processed at 32 km and 8 km resolutions for the outer
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domains, while a high-resolution local emissions inventory
(2011) was applied at 2 km for the innermost domain to better
capture urban-scale pollution sources. Compared to EDGAR
v4.3.2, which provides emissions at a coarse global resolution
(~0.1°) and uses uniform default emission factors, the 2011
local inventory offers significantly higher spatial detail (2 km)
and incorporates local data for key sectors such as traffic, fuel
consumption, and industry. These differences are critical at the
urban scale, where emission patterns vary strongly by zone, and
fine-scale resolution is essential for capturing pollutant gradi-
ents in complex terrains such as Quito. This approach ensures
that emissions reflect the scale of their dominant processes,
with large-scale transport captured in coarser domains and
localized emissions preserved at finer scales.

Vertically, emissions were distributed across multiple model
levels based on WRF-Chem's vertical grid structure. Surface
emissions, such as those from traffic and residential sources,
were allocated to the lowest model levels (~20 m AGL) to ensure
realistic near-surface concentrations. Industrial emissions were
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Fig. 4 Nested domains used in the WRF-Chem simulations: D1 (continental scale), D2 (regional scale), and D3 (local scale over Quito). Only the
innermost domain (D3), which includes the monitoring stations used for model evaluation, was employed for retrospective simulations.
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treated in a simplified manner, as no specific stack height data
(neither stack exit gas temperature and velocity) were available
for Quito's industries. This study did not use radiosonde data
for vertical validation due to the lack of available measurements
in Ecuador. The vertical distribution of elevated (industrial and
energy generation) emissions followed default profiles from
HERMES v3, which is a standard approach under data-scarce
conditions. This assumption was necessary due to the
absence of more detailed source information, but it still allows
for dispersion of industrial pollutants across the planetary
boundary layer height. This method introduces limitations in
representing elevated sources but remains a common practice
in urban-scale modeling under data-scarce conditions. The
profiles categorize emissions by source type and assign them to
model levels in WRF-Chem's vertical grid, enabling the simu-
lation of vertical pollutant dispersion in the planetary boundary
layer.>*>*

The horizontal distribution of emission sources in the WRF-
Chem model was implemented using specific local datasets for
each source type. Traffic emissions were spatially allocated
based on georeferenced data from 110 vehicle counting stations
in Quito, which allowed for the assignment of emissions to the
model grid cells. This information was further complemented
by population density data from the Global Human Settlements
Layer (GHSL) to adjust emissions according to areas with higher
vehicular activity. Then, the product of vehicle activity and
population density was used as a proxy of traffic emissions. This
approach effectively captured spatial variations in traffic emis-
sions across the city. Industrial emissions and energy genera-
tion units were distributed based on the geographic locations of
their facilities, ensuring accurate alignment of emission sour-
ces with the model grid.

For temporal allocation, diurnal and weekly traffic emission
profiles were incorporated, derived from vehicle count data.
These profiles reflect typical traffic patterns, such as peak hours
during weekdays and reduced activity on weekends and holi-
days. These temporal variations were processed using HERMES-
v3 to ensure that emissions realistically captured daily and
weekly variability observed in the city. Additionally, MATLAB
scripts were employed to process and allocate traffic emissions
spatially and temporally within the urban domain, based on the
above profiles. All codes and ancillary files are available in
a public data repository (see Data availability statement below).

2.3.2. WRF model parameterization. The WRF model offers
a versatile array of options for modeling physical processes,
which can range from short-term to long-term predictions,
thereby making it highly adaptable to specific case study
requirements.”>”®”® These options encompass parameteriza-
tions for the planetary boundary layer (PBL), land and urban
surfaces, cloud microphysics, and radiation, all of which are
critical for air quality research.***

In this study, we assessed the sensitivity of air quality
simulations to different PBL parameterizations by examining
five schemes: Yonsei University (YSU), Mellor-Yamada-Janjic
(MY]), Mellor-Yamada-Nakanishi and Niino Level 2.5
(MYNN2), and Bougeault-Lacarrere (BouLac). The microphysics
scheme used was WSM6, and radiation processes were carried

1318 | Environ. Sci.: Adv.,, 2025, 4, 1310-1332
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out using the RRTMG scheme (long and short wave). Surface
physics was represented using the Unified Noah Land Surface
Model, while cumulus processes were simulated with the Grell
3D ensemble scheme.

To improve the representation of meteorological conditions
at the urban scale, the Building Environment Parameterization
(BEP) scheme”™ was utilized for urban surface physics,
combined with the YSU, MY] and BouLac PBL schemes. The
chemical mechanism chosen was CBMZ and the aerosols were
modeled with the MADE/SORGAM aerosol mechanism (see
Table 3 for details).

The selection of physical schemes for this study was based
on their proven suitability for high-resolution, urban-scale
simulations in complex terrain. The planetary boundary layer
(PBL) schemes selected—YSU, MY], MYNN2, and BouLac—have
been previously tested in Ecuador and the Andes region,
showing differential capacity in reproducing diurnal variation
and pollutant dispersion in high-altitude environments.**"” The
RRTMG radiation scheme and WSM6 microphysics were
chosen due to their established performance in tropical regions
and their compatibility with CBMZ chemistry. The Unified Noah
land surface model and BEP urban scheme were included to
better resolve surface-atmosphere interactions in Quito's
heterogeneous urban landscape.

The WRF physical configuration used in this study has been
evaluated by Mancheno et al.,** where multiple parameteriza-
tion schemes—including those adopted here—were tested over
Quito. That work assessed WREF's ability to reproduce key
meteorological variables such as 2-meter temperature, wind
speed, relative humidity, and planetary boundary layer height
(PBLH), and found that YSU and MYNN2 schemes, in combi-
nation with RRTMG radiation and BEP urban surface physics,
provided the best agreement with observations. These results
validated the use of this configuration as a reliable meteoro-
logical foundation for the air quality simulations presented in
this study.

Although the sensitivity analysis was conducted on meteo-
rological configurations, the results also reflect how model
physics affects the transport and dilution of emissions from
various sources. For example, differences in boundary layer
height, turbulence, and vertical mixing directly impact the
modeled concentrations of near-surface pollutants, particularly
those emitted from traffic or industrial areas.

2.4 Evaluation of air quality model performance

The WRF model's performance was assessed using data from
five monitoring stations (Table 1), which were selected based on
their spatial distribution across Quito and the completeness of
their data records. Only stations with at least 75% data avail-
ability—defined as having valid hourly measurements for at
least 75% of the total hours during the study period—were
included in the analysis. This threshold follows standard
guidance for air quality model evaluation, ensuring robust
temporal coverage and minimizing uncertainty due to missing
data.**®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A total of 8 WRF-Chem simulations were conducted,
considering four PBL schemes for two months (April and
December). Pollutant concentrations were analyzed at five
monitoring stations for five different pollutants, applying
correction factors to emissions. The final dataset includes 200
individual pollutant-station-month combinations. Out of the
four simulations per month, three included BEP urban
schemes, corresponding to the YSU, Boulac, and MY]J PBL
schemes. The fourth simulation used the MYNN2 PBL scheme
with sf_urban_physics = 0, meaning no urban canopy model
was activated. Each simulation evaluated five key atmospheric
pollutants: sulfur dioxide (SO,), carbon monoxide (CO),
nitrogen oxides (NO,), ozone (0;), and particulate matter with
an aerodynamic diameter of 2.5 micrometers or less (PM, 5).

Performance metrics such as the Neyman-Pearson correla-
tion coefficient (r), mean bias (MB), normalized mean bias
(NMB), normalized mean gross error (NMGE), root mean square
error (RMSE) and agreement factor (FAC) were computed.®
These metrics provided insights into the model's ability to
accurately simulate pollutant concentrations and their spatial
and temporal variations. Additionally, the impact of different
emission inventory adjustments on model performance was
analyzed using those metrics as guidance. Each metric was
scored using an ordinal scale from 1 (worst) to 4 (best) based on
relative performance across model configurations. For error-
based metrics (MB, NMB, NMGE, and RMSE), lower values
indicated better performance; for r and FAC2, higher values
were preferred. The individual metric scores were then summed
(with equal weight) to compute an overall performance score for
each configuration, station, and month. This scoring approach
integrates multiple dimensions of performance—bias, error
magnitude, and correlation—into a single comparative frame-
work without assuming interdependence among metrics. The
use of additive, rank-based evaluations is consistent with
previous practices in air quality modeling assessments.*>*® The
mathematical expressions of these metrics are not included
here, as they follow standard definitions widely documented in
the literature. Full scoring details and results are provided in
ESI Table S1.t This selection of optimal configurations was
conducted using simulations based on uncorrected emissions,
ensuring that the identification of best-performing model
settings was independent from the subsequent application of
emission correction factors. Each pollutant was evaluated
separately, recognizing that different chemical and transport
processes influence model performance depending on species.
Scores were computed per station and averaged to ensure
spatial representativeness, without giving additional weight to
any single site. This stepwise and pollutant-specific evaluation
approach enhances robustness and aligns with established
methodologies in model intercomparison studies.***”

An initial evaluation revealed systematic underestimations
for CO and PM, 5 and overestimations for SO, and NO,. It was
assumed that the greater source of uncertainty in the above
simulations came primarily from the initial emission inventory.
Then, in a second set of simulations, correction factors were
applied to improve agreement between modeled and observed
concentrations. Finally, emissions in the innermost domain

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were scaled by factors of 1.5, 0.75, 0.30 and 3.0 for CO, NO,, SO,
and PM, s, resulting in annual emission estimates of 300, 27,
1.5 and 7.5 kilotonnes per year (kton per year) for CO, NO,
(expressed as NO, equivalent), SO, and PM, s, respectively.
These adjustments were applied uniformly across the inner-
most domain, maintaining the temporal and spatial structure
of the initial inventory. The same factors were used for April
simulations, assuming consistent seasonal behavior within the
wet season. In this context, the correction factors serve as
a practical and justified approach to calibrate the system under
data-scarce conditions and improve the reliability of modeled
pollutant levels, consistent with methodologies applied in other
urban-scale modeling studies.****

In the case of PM,.5, we performed additional simulations
that included regional biomass burning emissions in domains
1 and 2 and tested different vertical profiles for their injection
height, using the FINN2.5 updated emission inventory.*® The
results showed that inclusion of these emissions produced
small changes in the hourly average concentrations across
monitoring stations in Quito (see Section 3.5 below). Thus, the
remaining underestimations were attributed to the local
inventory limitations; this justifies the use of adjustment factors
only in domain 3.

3 Results and discussion

In this section, we present the modeling results and their anal-
ysis. All modeled scenarios are presented for each pollutant, with
observed data represented in red. The results for December 2018
are presented below, and the corresponding results for April—
wet season—are presented in the ESIL.{ The statistical results for
December are shown in Tables S1 to S5, and for April in Tables
S6 to S10,T all of which are included in the ESL{

31 CoO

Fig. 5 displays all modeling results and observations for
December, and the statistical results are presented in Table S1
in the ESL{ The observed CO levels exhibit a clear bimodal
pattern with peaks during the early morning and late evening,
corresponding to rush hour traffic. This pattern, consistent
across all monitoring stations, confirms that vehicular emis-
sions are the predominant source of CO in Quito, as reflected in
the emissions inventory.

The MYNN2 model was selected for detailed discussion as it
demonstrated the best overall performance across the different
monitoring stations, based on the statistical indices (Table S11).
At the Belisario and El Camal stations, the MYNN2 model
showed a strong alignment with observed data, effectively
capturing the daily CO variations and peak concentrations.
Despite some minor discrepancies, such as a slight underesti-
mation at El Camal, the model's ability to track the general
trend suggests that it accurately represents the primary emis-
sion processes influencing these areas.

The spatial configuration of the air quality monitoring
network in Quito is concentrated in areas of high population
density and vehicular activity, which inherently reinforces the
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Fig. 5 Hourly average CO concentrations at selected monitoring stations in Quito during December. The figure compares observed data (red
solid line) with model simulations using four planetary boundary layer (PBL) schemes: YSU, MYJ, MYNNZ2, and Boulac. The curves represent daily
averages by hour and are used to assess each configuration'’s ability to reproduce the diurnal cycle of CO. Statistical performance indicators (MB,

NMB, RMSE, and r) are shown in each panel for each model.

dominant role of mobile sources in shaping observed CO
concentrations. According to the official 2011 emissions
inventory published by the environmental secretariat of Quito,*
mobile sources accounted for 98.5% of total CO emissions, with
the remaining contributions distributed between industrial
combustion and residential LPG use.

Although the inventory includes disaggregated activity data
by vehicle category (e.g., light-duty gasoline vehicles, diesel
buses, and motorcycles), it does not incorporate technological
classifications such as EURO standards or fleet age structure, as
such information is not systematically collected in Ecuador.

1320 | Environ. Sci.: Adv,, 2025, 4, 1310-1332

The contribution of fixed sources, such as thermal power
plants and industrial facilities, is relatively minor for CO. For
instance, total annual emissions from the Guangopolo and
Gualberto Hernandez thermal plants summed only 302 tons,
which is less than 0.4% of total CO emissions.”® These findings
support the conclusion that modeled and observed CO
concentrations are primarily influenced by mobile sources,
particularly in central Quito.

At the Carapungo and Cotocollao stations, the model
continues to perform well, albeit with some differences in bias
direction. At Carapungo, the model's performance is similar to
that at El Camal, accurately following the observed CO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fluctuations with a tendency toward underestimation. Mean-
while, at Cotocollao, the model slightly overestimates CO levels
but still captures the overall trend.

The most significant challenges arise at the Guamani
station, where the model struggles to replicate the observed CO
levels, particularly during peak pollution periods. This under-
performance could be attributed to unique local factors not
fully captured by the emissions inventory or model configura-
tion, such as specific microclimatic conditions or unaccounted-
for sources.

In April, as shown in Fig. S2,T the MYNN2 model continues
to provide the closest match to observed CO levels, particularly
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during peak traffic hours. This consistency across two different
months reinforces the model's robustness in simulating traffic-
related CO emissions in Quito.

3.2 NO,

Fig. 6 illustrates the model performance in simulating NO,
concentrations, with the detailed statistical results provided in
Table S2 of the ESL.

Although the emission inventory used includes NO, (NO +
NO,), the WRF-Chem model (CBMZ mechanism) simulates NO
and NO, as separate species. This section focuses exclusively on
NO, because it is the species measured at monitoring stations
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Fig. 6 Hourly average NO, concentrations at selected monitoring stations in Quito during December. The figure compares observed data (red
solid line) with model simulations using four planetary boundary layer (PBL) schemes: YSU, MYJ, MYNNZ2, and Boulac. The curves represent daily
averages by hour and are used to assess each configuration's ability to reproduce the diurnal cycle of NO,. Statistical performance indicators (MB,

NMB, RMSE, and r) are shown in each panel for each model.
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in Quito. The model results shown correspond to NO, output
from the chemical mechanism, not to total NO,.

The BouLac model, which is discussed here because it pre-
sented the best statistical results among the models tested,
generally captures the temporal patterns of NO, across the
stations. However, as with most models, there is a tendency to
slightly underestimate NO, levels, particularly at the Belisario
and Guamani stations. This suggests that while BouLac
performs well overall, there may be specific local factors or
emission sources that are more challenging to represent
accurately.

Interestingly, at the Carapungo station, the BouLac model
shows a closer alignment with observed NO, levels, indicating
that it may better represent the emission sources and disper-
sion processes in this location. The model's ability to more
accurately simulate NO, concentrations here could be due to
better representation of traffic-related emissions, which are
a significant contributor to NO, levels.

In contrast, at the Cotocollao station, while the model
successfully captures the temporal variability of NO,, it tends to
overestimate concentrations, especially during nighttime. This
overestimation might be indicative of the model's heightened
sensitivity to specific local factors, such as nighttime traffic or
emissions from nearby sources that are less prominent during
the day.

At the El Camal station, the BouLac model shows a balanced
performance, capturing the overall trend of NO, concentra-
tions. Although there is a slight underestimation of peak values,
the model's ability to maintain a good overall agreement with
observations indicates that it effectively represents the distri-
bution of emissions at this station, despite some minor
discrepancies.

For April, as shown in Fig. S3 and Table S7,f the BouLac
model continues to deliver strong performance compared to the
other models, maintaining its position as the best-performing
model across different stations. While there is a general
tendency to slightly underestimate NO, concentrations, partic-
ularly during certain times of the day, these results demonstrate
the model's reliability and highlight areas where further
refinement could enhance its accuracy.

The temporal evolution and concentration of NO, in urban
environments are influenced not only by emission magnitudes
but also by its photochemical coupling with ozone. Through the
photo stationary cycle, freshly emitted NO reacts with ambient
O; to form NO,, and NO, is photolyzed under sunlight to
regenerate O;z. In Quito, frequent cloudiness and topographic
shading limit photolysis rates, especially during morning and
evening hours, reducing the regeneration of O; and favoring
NO, accumulation.®

The overestimation observed at stations such as Cotocollao
may arise from limitations in the emissions inventory. Although
the 2011 inventory disaggregates mobile sources by vehicle type
(e.g., taxis, buses, and light-duty vehicles), it does not account
for differences in fleet age, EURO standards, or emission
control technologies. These omissions can result in over-
estimated NO, emissions, particularly in areas with lower-
intensity traffic or newer vehicle fleets.”>*
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No further calibration was applied beyond the meteorolog-
ical sensitivity simulations presented in this study, as the
objective was not to optimize a single model configuration but
rather to assess the effect of different PBL schemes on pollutant
concentrations. Nonetheless, the combined influence of local
photochemical dynamics and structural characteristics of the
emissions inventory is acknowledged as a contributor to model
performance limitations for NO,.

3.3 SO,

Fig. 7 illustrates that all models predict temporal patterns for
SO, similar to the observed data, particularly highlighting the
afternoon underestimations. The simulations included
(adjusted) annual emissions of 1500 ton per year for SO,, which
represent a 70% reduction with respect to the baseline emission
(see further comments below). For December, this general
alignment between models and observations suggests that the
primary drivers of SO, concentrations—mainly industrial and
energy-related point sources located in the city's southern and
central areas, along with daytime boundary layer evolution and
mixing processes—are reasonably represented in the simula-
tions. The MYNN2 model consistently provided the best overall
results for SO, across stations (Table S31), making it the
primary focus for this discussion.

At the Belisario and Carapungo stations, the MYNN2 model
demonstrates a strong ability to track SO, levels, with both
stations showing a similar pattern of slight underestimation
during peak events. This underestimation might indicate that
transient pollution events, likely linked to local activities, are
not fully captured, yet the model still effectively represents the
overall SO, trends.

In the case of El Camal and Cotocollao stations, the MYNN2
model encounters more variability in performance, particularly
during periods of higher SO, concentrations. At the Guamani
station, the MYNN2 model shows performance like the case of
Cotocollao, with some underestimation of SO, levels, particu-
larly during peak periods. Although there is a tendency to
underestimate peaks, the model still maintains a good align-
ment with the general trends observed at these stations.

For the month of April (Fig. S3 and Table S8t), the models
continue to predict similar temporal patterns to the observa-
tions, again with some underestimation in the afternoon. The
MYNN2 model maintains its position as the best-performing
configuration, though the YSU model also proves to be
a viable alternative, particularly during the morning and night
hours when it shows closer alignment with observed SO, levels.
This suggests that while MYNN?2 is generally robust, YSU could
offer additional insights, especially in scenarios where diurnal
variations are critical.

In 2011, fuels distributed in Ecuador had high sulfur
content. Based on the national fuel standard NTE INEN 935,
Extra and Ecopais gasoline contained up to 650 ppm of sulfur,
Super gasoline up to 450 ppm, and premium diesel up to
500 ppm.*® These values are significantly higher than interna-
tional standards such as Euro V, which restricts sulfur content
to 10 ppm. As a result, the combustion of these fuels likely

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Hourly average SO, concentrations at selected monitoring stations in Quito during December. The figure compares observed data (red
solid line) with model simulations using four planetary boundary layer (PBL) schemes: YSU, MYJ, MYNNZ2, and BoulLac. The curves represent daily
averages by hour and are used to assess each configuration's ability to reproduce the diurnal cycle of SO,. Statistical performance indicators (MB,

NMB, RMSE, and r) are shown in each panel for each model.

contributed to elevated SO, levels in urban areas during the
study period. Although sulfur content in diesel was reduced to
50 ppm starting in 2018 through regulatory improvements,*
these changes occurred after the base year of the emissions
inventory used in this study.” Our simulation results suggest
that the SO, emissions reduction achieved in 2018 was ~70%
with respect to the 2011 baseline.

Regarding source contributions, mobile sources were the
dominant contributors to SO, emissions in Quito according to
the 2011 emissions inventory. However, stationary sources,
particularly industrial combustion and thermoelectric plants,
also played a relevant role in specific areas, especially in the
southern and industrial zones of the city.”

Due to Quito's complex topography and its location within
a narrow Andean valley, atmospheric circulation is often con-
strained, particularly under stable conditions. These features
may limit pollutant dispersion and promote the accumulation
of locally emitted SO,. While regional or long-range transport
from external industrial sources or volcanoes could also influ-
ence background levels, such contributions were not explicitly

© 2025 The Author(s). Published by the Royal Society of Chemistry

evaluated in this study. This is consistent with the study's
objective, which focused on evaluating the impact of local
emissions within the urban domain. Nevertheless, future
research should incorporate chemical tracers or back-trajectory
modeling to better quantify potential transboundary SO,
influences.

34 0,

All models successfully captured the general temporal patterns
of ozone (O3) across the different monitoring stations, demon-
strating a strong ability to represent the diurnal variation in
ozone levels. However, the BouLac model consistently stood
out, providing the best overall performance across stations and
seasons.

For December (as shown in Fig. 8 and supported by the
hourly concentrations in Fig. S8 and statistical results in Table
S4t), the BouLac model displayed a strong alignment with
observed data at most stations. At the Belisario, Carapungo, and
El Camal stations, the model slightly overestimated O;
concentrations, particularly during the midday and early
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Fig. 8 Hourly average O3 concentrations at selected monitoring stations in Quito during December. The figure compares observed data (red
solid line) with model simulations using four planetary boundary layer (PBL) schemes: YSU, MYJ, MYNNZ2, and Boulac. The curves represent daily
averages by hour and are used to assess each configuration's ability to reproduce the diurnal cycle of Os. Statistical performance indicators (MB,

NMB, RMSE, and r) are shown in each panel for each model.

afternoon peaks. Despite these minor overestimations, the
model effectively captured the overall daily cycles and fluctua-
tions, highlighting its capability to simulate the key processes
influencing ozone levels.

In contrast, at the Cotocollao and Guamani stations, the
BouLac model tended to underestimate the O3 peaks, particu-
larly in the late afternoon and evening. Although these under-
estimations are observed, the model still managed to track the
general trends and maintain a reasonable correlation with the
observed data.

For April (as shown in Fig. S5t and supported by the hourly
concentrations in Fig. S7t and statistical results in Table S107),
the BouLac model continued to perform robustly across all
stations. The patterns observed in December were consistent in
April, with the model slightly overestimating ozone levels at
Belisario, Carapungo, and El Camal, while slightly under-
estimating them at Cotocollao and Guamani. This consistency
across different months underscores the model's reliability for
simulating ozone levels under varying seasonal conditions in
Quito.

1324 | Environ. Sci. Adv, 2025, 4, 1310-1332

3.5 PM,s

The analysis of PM, 5 concentrations indicates that while there
is a general tendency among all models to slightly underesti-
mate observed levels, the BouLac model consistently demon-
strated the closest alignment with the observed data across all
monitoring stations. This strong performance is particularly
evident during peak pollution hours, both in December and
April.

In December (Fig. 9 and Table S5t), the BouLac model
showed a balanced performance across the stations. At the
Belisario and Cotocollao stations, the model slightly over-
estimated PM, 5 concentrations. Despite this overestimation,
the model effectively captured the temporal patterns and
general pollution trends, indicating a reliable performance in
these areas.

Conversely, at the El Camal and Guamani stations, the
BouLac model tended to underestimate PM, 5 levels, especially
during higher pollution events. The Carapungo station pre-
sented the most significant underestimations, particularly
during peak pollution periods. Although the model faced

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Hourly average PM, 5 concentrations at selected monitoring stations in Quito during December. The figure compares observed data (red
solid line) with model simulations using four planetary boundary layer (PBL) schemes: YSU, MYJ, MYNNZ2, and Boulac. The curves represent daily
averages by hour and are used to assess each configuration’s ability to reproduce the diurnal cycle of PM, 5. Statistical performance indicators

(MB, NMB, RMSE, and r) are shown in each panel for each model.

challenges in accurately capturing extreme events here, it still
provided a consistent representation of the broader PM, s
trends.

For April (Fig. S6 and Table S10t), the BouLac model once
again emerged as the best-performing configuration, main-
taining a strong correlation with observed PM, 5 levels across all
stations. The trends observed in December were largely
mirrored in April, with the model continuing to exhibit a slight
overestimation at Belisario and Cotocollao, and underestima-
tions at El Camal, Guamani, and Carapungo.

To understand the present performance for PM, 5 modeling
in Quito, we discuss related results here. According to Jat et al.,*®
the CB05-MADE/SORGAM chemical mechanism—one that has
improvements with respect to the CBMZ mechanism used
here—had a systematic underestimation of PM, 5 concentra-
tions, particularly during high pollution events in Delhi. The
analysis of this model revealed a mean bias (MB) of —7.69,
a normalized mean bias (NMB) of —0.38, a normalized mean
gross error (NMGE) of 0.56, and a root mean square error
(RMSE) of 11.49 at certain stations, indicating significant errors
in predicting extreme events. However, this model successfully

© 2025 The Author(s). Published by the Royal Society of Chemistry

captured the general pollution trends, as reflected by
a moderate correlation of 0.22. These findings are consistent
with the results obtained from monitoring stations in Quito,
where a similar systematic underestimation of PM, 5 concen-
trations was observed across the entire diurnal cycle. This
persistent bias is evident at all stations and is not limited to
high pollution peaks, as shown in Fig. 9.

It is important to note that this underestimation does not
seem to be due to other area sources, as the traffic inventory is
quite high and is the dominant area source in Quito. From
a receptor modeling standpoint, a recent study® estimated
a source apportionment of carbonaceous aerosols in several
South American cities, including Quito. For Quito, secondary
organic aerosol (SOA) and regional biomass burning aerosols
(BBOA) contributed 20% and 21% of total organic carbon,
respectively. Thus, this means that the models’ underestima-
tion of PM, s may be ascribed to (a) not including regional
biomass burning emissions in the modeling, and (b) the MADE/
SORGAM mechanism underestimates SOA formation, which is
a known issue.

Environ. Sci.: Adv., 2025, 4, 1310-1332 | 1325
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While precipitation effects were reasonably captured—evi-
denced by the consistent drop in concentrations during rainfall
events—the persistent underestimation of PM, s under dry
conditions suggests that wash-out is not the sole missing
process. Although this study does not provide a figure explicitly
comparing dry and wet conditions, the temporal patterns
shown in Fig. 9 and S6t indicate that underestimations persist
regardless of rainfall. This suggests that additional sources not
represented in the emissions inventory may contribute to the
observed bias. Additionally, a significant drop in PM,;
concentrations during the 2019 national strike,”® when traffic
was reduced, underscores the relevance of mobile sources.
Additional simulations were conducted including regional
biomass burning emissions (in domains 1 and 2) from the
FINN2.5 inventory and varying the vertical plume injection
profile. These scenarios showed small changes in hourly PM, 5
concentrations at the urban monitoring stations (ESI Fig. S9
and S10%), suggesting that the underestimation is primarily
linked to local sources and atmospheric processes. Hence,
underestimation of local emissions and of SOA formation are
a plausible explanation for the persistent model underestima-
tion of PM, 5.

View Article Online
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3.6 Analysis of observed vs. modeled air pollutant
concentrations in Quito

Fig. 10 provides a summary of the observed and modeled
average concentrations in Quito for the month of December.
Fig. S11 in the ESI{ extends this analysis to include the month
of April. The comparison between observed and modeled data
reveals both successes and limitations in the accuracy of the air
quality models used and highlights areas where local sources
may not be accurately included in emission inventories. For CO,
observed and modeled concentrations show a strong agree-
ment, suggesting that the primary sources of CO, such as
vehicular emissions, are well represented in the model input
emissions. In contrast, for NO,, the observed concentrations are
consistently higher than the modeled ones.

This discrepancy suggests that specific local sources may be
underrepresented in the emissions inventory. While the agree-
ment between observed and modeled CO suggests that light-
duty gasoline vehicle emissions are well characterized, NO,
emissions are more strongly influenced by heavy-duty diesel
vehicles and industrial sources. These sectors are more difficult
to quantify due to uncertainties in fleet composition, emission
factors, and spatial allocation. As such, the model may require
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further refinement of these specific NO, emission sources to
improve agreement with observed NO, levels.

Ozone (03) concentrations are quite similar among observed
and modeled data, indicating that the models adequately
represent the photochemical reactions and atmospheric
conditions influencing ozone formation in the urban area of
Quito. This similarity suggests a good capability of the model to
predict the spatial distribution of ozone. We tested the effects of
removing biogenic VOC emissions, and the model predictions
were reduced in all configurations used, although the changes
were smaller in magnitude.

We found that biogenic emissions contributed positively to
ozone levels, with a 3.3% average increase in December and an
8% increase in April. This seasonal variability is influenced by
environmental factors such as temperature and solar radiation,
which are higher in April, leading to increased production of
biogenic VOCs. These findings are consistent with global
research indicating the crucial role of these VOCs, particularly
isoprene and monoterpenes, which are the most abundant and
reactive biogenic compounds emitted by vegetation. These
compounds react rapidly in the presence of nitrogen oxides
(NO,) and sunlight, contributing significantly to ozone forma-
tion in the troposphere.®*® In regions with similar climates and
vegetation, biogenic emissions are significantly higher during
warm months.*® For example, in some studies, biogenic emis-
sions have been estimated to contribute an average of 12% to
ozone production during summer, with this percentage
increasing up to 60% during heatwaves.*”

Inclusion of aerosol radiative effects brought smaller changes
in ozone, because simulated ambient PM, 5 concentrations were
low. In our model, removing the radiative effects of aerosols
resulted in a decrease of less than 0.5% in average ozone
concentrations for both December and April. This marginal
change aligns with findings in tropical regions such as Ecuador,
where the impact of aerosol radiative effects on ozone formation
is generally less pronounced due to the relatively lower concen-
trations of ambient aerosols compared to other regions.’”

All model configurations tested underestimated observed
PM, 5 concentrations. These results are mainly ascribed to the
underestimation of secondary aerosol formation, which is
a known issue in the MADE/SORGAM aerosol module.”® These
results highlight the need to improve emission inventories and
test other aerosol models to better capture PM, 5 dynamics in
Quito.

4 Conclusions

Despite limitations in local data availability and emission
characterization—particularly for secondary organic aerosol
formation, VOCs, and non-exhaust PM, 5 sources—this study
presents a robust and technically sound evaluation of air quality
in Quito. The model's performance across multiple pollutants
and scenarios demonstrates that meaningful, policy-relevant
insights can still be extracted when using carefully adapted
inventories and advanced modeling tools. Rather than weak-
ening the findings, the identified data gaps provide direction for
future improvements and highlight the importance of this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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study as a foundational step toward operational forecasting and
emission refinement in data-limited urban environments.

This study underscores both the potential and challenges of
employing advanced air quality modeling techniques in
a complex urban environment such as Quito. While the WRF-
Chem model demonstrates effectiveness in simulating ozone,
CO, NO, and SO,, limitations arise in accurately modeling PM, 5
concentrations mainly to an underestimation of SOA concen-
trations in the aerosol module used. SO, is a challenging
species to model due to a lack of detailed information on stack
source parameters. The absence of ambient VOC and NHj3
measurements hampers efforts to refine emission estimates,
which is another limitation in the present study.

This research demonstrates the substantial updates made to
the 2011 local emissions inventory, which were only possible
through the application of an advanced chemical transport
model such as WRF-Chem. These improvements addressed
critical gaps in previous estimates, such as the significant
underestimation of PM, 5 emissions. By leveraging advanced
modeling techniques, the updated inventory now provides
a more accurate representation of emission sources, better
reflecting local conditions and dynamics in Quito. These
enhancements emphasize the importance of integrating high-
resolution modeling tools with localized data to refine emis-
sion inventories and improve air quality predictions.

This study highlights the fundamental need for high-
resolution, region-specific emission inventories to enhance air
quality predictions and reduce modeling discrepancies in
complex urban environments. Accurate characterization of key
emission sources—such as traffic, industrial activities, and
biomass burning—is essential for improving the simulation of
primary and secondary pollutants. Future efforts should priori-
tize the inclusion of ambient measurements of volatile organic
compounds (VOCs) and ammonia (NH3), which play a critical
role in the formation of secondary pollutants and remain
uncertain in current inventories. By addressing these gaps, pol-
icymakers can develop more effective air quality regulations and
interventions tailored to the specific challenges of cities such as
Quito. This study marks a pivotal advancement in air quality
modeling for Andean cities such as Quito, offering a compre-
hensive framework that bridges the gap between global atmo-
spheric models and localized data. By integrating high-
resolution emission inventories, advanced chemical mecha-
nisms, and dynamic meteorological modeling within the WRF-
Chem framework, this research provides actionable insights
into the complex interplay of urban emissions and atmospheric
processes in tropical mountainous regions. Beyond its technical
contributions, the study underscores the necessity of coupling
scientific modeling with robust observational data and policy
frameworks to address urban air quality challenges effectively.
This integrated approach not only enhances our understanding
of pollutant dynamics in cities with unique topographical and
climatic conditions but also lays the groundwork for evidence-
based interventions that safeguard public health and promote
sustainable urban development. As such, this work contributes
significantly to the state of the art, demonstrating a replicable
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methodology that can inform air quality management strategies
across similar regions worldwide.
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