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ABSTRACT

Atmospheric sedimentable dust (ASD) pollution is a critical environmental problem in urban and peri-urban areas.
This study evaluated the spatiotemporal dynamics of ASD and its relationship with vehicular flow and meteorol-
ogy along the Jancao—La Esperanza Road corridor (Huanuco). During 31 consecutive days, 10 sampling stations
were monitored using the passive gravimetric method. Categorized vehicular flow was recorded through video
surveillance, and meteorological variables were obtained from SENAMHI. The analysis integrated Spearman
correlations, a lognormal generalized linear mixed model (GLMM), spatial IDW interpolation, and wind rose
analysis. The highest cumulative daily deposition rate along the section occurred on May 17 (247.64 mg/cm?). The
observational design, GLMM, and Spearman correlations demonstrated no statistically significant associations
between the ASD deposition rate and fluctuations in vehicular flow or meteorological variables. Spatial variability
among stations was negligible, whereas the sampling date explained the temporal fluctuations in the data. At the lo-
cal level, station S-010 (northern sector) recorded the highest cumulative load (166.00 mg/cm?) and a daily median
of 0.80 mg/cm?/day, associated with passive advection by NE-ENE winds and microlocal interception dynamics.
It is concluded that ASD acts as background pollution governed by regional atmospheric dynamics rather than by
local vehicular flow. This study provides unprecedented technical evidence for characterizing ASD deposition in
inter-Andean valleys, offering a high-temporal-resolution monitoring scheme applicable to air quality manage-
ment in peri-urban areas.

Keywords: air quality, wind dispersion, gravimetry, particulate matter, vehicular traffic.

to secondary particulate matter and fine aerosols
(Cano et al., 2025). Vehicular traffic may mobilize
previously deposited particles and alter their spa-
tial and temporal distributions, particularly in areas
with high traffic intensity (Alshetty and Nagendra,
2022; Zhang et al., 2024). This dynamic constitutes

INTRODUCTION

Atmospheric sedimentable dust (ASD) repre-
sents a relevant problem for air quality in urban
and peri-urban areas. The growth of the vehicle
fleet increases non-exhaust emissions associated

with tire, brake, and pavement wear, as well as the
resuspension of dust deposited on roads (Rodri-
guez et al., 2019; Harrison et al., 2021). Addition-
ally, the internal combustion processes of vehicles
emit pollutant gases that undergo chemical inter-
actions in the atmosphere, serving as precursors

a factor of interest for air quality and population
exposure to atmospheric particles (OMS, 2021).
ASD corresponds to the fraction of particles
that, after remaining suspended, returns to sur-
faces through dry deposition processes. Its be-
havior depends on the physical properties of the
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particles and meteorological conditions, such as
wind speed and relative humidity, which influ-
ence their transport, dispersion, and sedimenta-
tion (Farmer et al., 2021; Mallios et al., 2020).
In this context, it is relevant to consider that the
particulate matter load comprises not only resus-
pended dust but also contributions from vehicular
combustion processes and atmospheric chemical
transformations that promote the formation and
accumulation of secondary particles from dif-
ferent sources (Cano et al., 2025). In turn, road
dust constitutes a dynamic reservoir, generated,
among other processes, by the wear of vehicular
components and abrasion of the road surface. Its
resuspension is conditioned by traffic-generated
turbulence and environmental conditions (Khan
et al., 2023). Therefore, vehicular intensity does
not by itself determine the ASD deposition rate,
since meteorological and surface factors simulta-
neously intervene.

Several studies have evaluated the influence
of traffic and road conditions on the generation
and distribution of ASD. Mendoza Atahuachi et
al. (2025) reported that the deposition of pollut-
ants in road environments responds to the inter-
action between traffic intensity and the physical
characteristics of the terrain, whereas Miranda
Casapia et al. (2019) and Alvarez-Tolentino and
Suarez-Salas (2020) related the accumulation and
resuspension of particles to vehicle density and
pavement conditions. However, the magnitude of
these relationships may vary among urban con-
texts due to differences in dust sources, road char-
acteristics, meteorology, and mobility patterns.

In the city of Huanuco, urban expansion and
increased vehicular traffic on connecting roads
have created favorable conditions for the accu-
mulation and resuspension of ASD, particularly
along the Jancao—La Esperanza section, where
areas with insufficient paving persist (Espinoza
Mallqui, 2025; Amato et al., 2014a). Despite this,
the available information on ASD behavior and
its relationship with vehicular flow intensity in
this area is limited. This lack of local evidence
limits understanding of particle deposition dy-
namics in a territory undergoing urban expansion
and increasing vehicular mobility.

In this context, the present study aimed to
determine the temporal relationships among the
ASD deposition rate, vehicular flow intensity, and
meteorological factors along the Jancao—La Espe-
ranza section in Amarilis, Huanuco. It also aimed
to conduct an exploratory analysis of spatial
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patterns by IDW-interpolating ASD distribution
in relation to wind direction during the monitor-
ing period. Unlike the traditional literature fo-
cused on coastal environments or mining sites,
this research provides the first comprehensive as-
sessment of ASD in an inter-Andean peri-urban
corridor. The novelty of the study lies in analyz-
ing dust deposition dynamics using continuous
24-hour vehicular counts and local meteorologi-
cal variables in a complex, understudied environ-
ment. The results aim to provide local evidence
on the temporal and spatial dynamics of ASD and
to establish a baseline that supports air quality
monitoring and management in the study area.

MATERIALS AND METHODS

Study area

The study was conducted along the section
between Jancao and La Esperanza, in the district
of Amarilis, province and department of Huanuco,
Peru. The section is connected to the city of Hua-
nuco by an approximately 2 km paved road (Fig-
ure 1), of which the last 2 km were selected for the
study. The mean annual temperature of this loca-
tion is 20.38 °C, and the mean annual precipitation
ranges from 387 to 403 mm, concentrated mainly
between October and March, and to a lesser extent
from May to August (Servicio Nacional de Meteo-
rologia e Hidrologia del Pert [SENAMHI], 2025).
Likewise, this sector presents flat slopes ranging
from 0° to 2° (CENEPRED, 2021). From a socio-
economic perspective, the district of Amarilis had
85,304 inhabitants in the 2017 National Census, of
whom 93.71% lived in the urban area and 6.29%
in the rural area (Instituto Nacional de Estadistica
e Informatica [INEI], 2017). In the district’s urban
area, commerce is reported as the main activity,
followed by services (Garay et al., 2020). These
characteristics describe the section as an area with
a population, local traffic, and urban activities as-
sociated with daily mobility, constituting an im-
portant urban-peri-urban road corridor within the
city (De Silva et al., 2024).

Field data sources

ASD sampling

ASD monitoring was conducted using the
passive gravimetric method (Santillan-Lima
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Figure 1. Delimitation of the study area and distribution of the monitoring points along the section
between Jancao and La Esperanza, Amarilis (a), in the department of Huanuco (b), north of the city
of Huédnuco (c),. The spatial extent of the area was generated from a 250 m buffer
around the studied section

et al., 2023) over a continuous 31-day period
(May 7 to June 6). Ten georeferenced sampling
stations (S-001 to S-010) were established and
distributed between Jancao and La Esperanza,
selected according to vehicular intensity, road
proximity, urban coverage, and prevailing wind
direction. As collectors, 100-mm-diameter glass
Petri dishes (effective area of 78.54 ¢m?) were
used, coded, and impregnated with a uniform
film of neutral petroleum jelly as the collecting
medium (Lazo Ramos et al., 2022). The dishes
were installed in protective enclosures at a con-
stant height of 3.30 m in 24-h exposure cycles.
At the end of each cycle, the samples were re-
moved, sealed, and transported to the laboratory
for gravimetric quantification of the deposited
mass. The determination of the initial mass and
final mass was performed under controlled en-
vironmental conditions using two analytical
balances with equivalent resolution (0.0001 g):
A&D GR-200 (capacity: 210 g) and Sartorius
Entris 124-1S (capacity: 120 g). Metrological
equivalence between the instruments was en-
sured through leveling, daily zero adjustment,

and verification with traceable standard weights
prior to each session. The maximum estimated
combined uncertainty was +0.0002 g (£0.2 mg),
a margin that does not compromise the accuracy
of the calculated deposition rates.

Vehicular flow measurement

Vehicular flow was continuously recorded
using an A9 HD IP camera (2 MP, 1920 x 1080
px) mounted at a height of 3.35 m with a 75°
field of view at station S-010. Although the ini-
tial design contemplated traffic counts at both
ends of the section (S-001 and S-010), the theft
of equipment at S-001 early in the experiment
limited measurements to S-010. Since the cor-
ridor extends 2 km without major intersections
or significant detours, the count at S-010 was
used as a proxy for the daily temporal variation
in macro-vehicular volume at the corridor scale
to evaluate its relationship with ASD deposition,
recognizing that it does not describe microlocal
fluctuations at the 10 stations.

The recordings covered 24 continuous
hours (00:00 to 23:59 h) under different lighting
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conditions (daylight, backlighting, twilight, and
nighttime). Audiovisual processing was per-
formed using an automated computer vision script
developed in Python (using object detection and
trajectory tracking algorithms with OpenCV),
configured according to the vehicle classification
criteria of the National Vehicle Regulations of the
MTC (Peru) to classify six vehicle types: private
cars, collective vehicles, motorcycle taxis, rural
transport vehicles, tourism vehicles, and pick-ups
(Lazo Ramos et al., 2022). To ensure the accuracy
of the algorithmic counts, 10% of the recordings
were audited by independent observers through
manual recounting.

Meteorological data source

Meteorological data were obtained from
SENAMHI (https://www.senamhi.gob.pe/
servicios/?p=estaciones). The Huanuco meteo-
rological station, located in the district of Huanu-
co, was used as a reference, with coordinates of
latitude 9°56°16.08* S, longitude 76°14°52.55>
W, and an elevation of 1,947 m a.s.l., approxi-
mately 4 km from the study site. The variables
of temperature (T, °C), wind speed (WS, m/s),
relative humidity (RH, %), wind direction, and
precipitation (PPT, mm) corresponding to the
study monitoring period (May 7 to June 6, 2026)
were collected. These variables were considered
to characterize the environmental conditions as-
sociated with the dispersion, transport, and de-
position of atmospheric sedimentable dust dur-
ing the monitoring period.

Data processing

ASD data

The ASD records were organized by moni-
toring point code, UTM coordinates, elevation,
installation date, collection date, plate code,
exposure days, collection area, and the initial
and final weights of the exposed plate. Using
this data, the accumulated deposited mass was
calculated as the difference between the final
and initial weight of the plate conditioned with
petroleum jelly. The ASD deposition rate was
calculated using the gravimetric method and ex-
pressed in mg/cm?/day. For this purpose, the fol-
lowing equation was used:

(Pf — Pi) x 1000
ASD = 1
AXt O
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where: 4ASD — deposition rate, in mg/cm?/day;
Pf — final weight of the exposed plate,
in grams (g); Pi — initial weight of the
plate conditioned with petroleum jelly, in
grams (g); 1000 — conversion factor from
grams (g) to milligrams (mg);
A — collection area of the plate, in cm?;
t — exposure time, in days.

The collection area corresponds to the ex-
posed surface of the Petri dish on which sedi-
mentable particles are deposited during the moni-
toring period and is assumed to be a standard area
for all samples, at 78.54 cm?. Since the dish has a
circular shape, the area was determined using the
equation for the area of a circle:

A= rmTxr? ()

where: 4 — collection area (in cm?); 7 — constant
3.1416; r — radius of the Petri dish (in cm).

The primary data corresponding to the 310
gravimetric observations (Pi, Pf, area, exposure
time, and calculated deposition rates) are avail-
able in Data S1 of the Supplementary Dataset.

Spatial interpolation analysis

To characterize the continuous spatial pat-
terns of ASD along the section, daily interpola-
tion was performed using the inverse distance
weighting (IDW) method in QGIS (v. 3.40.15),
generating raster surfaces with a spatial resolu-
tion of 2 m. The 31-day time series was summa-
rized at the cell level using three robust metrics
to mitigate the effects of outliers: total accumu-
lated deposition, daily median (representative
of the continuous baseline level), and interquar-
tile range (IQR, an indicator of localized tempo-
ral variability).

To evaluate the accuracy of the gener-
ated surfaces, leave-one-out cross-validation
(LOOCYV) was applied. The resulting errors in-
dicated high spatial uncertainty among stations,
derived from the available sampling density.
Consequently, the interpolated maps are used
strictly for exploratory and qualitative purposes
to illustrate general trends along the road cor-
ridor and are not used for causal inference or
regulatory zoning.

Vehicular flow data

The vehicular traffic count data were re-
viewed and organized into an hourly matrix,
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considering the recording date, hourly interval,
counting point, and vehicle category, in accor-
dance with the Ministry of Transport and Com-
munications (Table 1). Subsequently, the hourly
records from 00:00 to 23:59 h were summed to
obtain the daily vehicular flow for each category
and the total daily vehicular flow.

This transformation enabled the identification
of daily traffic variation during the monitoring
period and the generation of a database compat-
ible with the daily ASD records for subsequent
integration and joint analysis. In cases of incom-
plete records, these were identified and excluded
from the corresponding daily analysis to avoid
bias in estimating total vehicular flow. The ve-
hicular count was initially recorded in four cat-
egories: light vehicles, passenger transportation,
freight, and trailers. In order to avoid multicol-
linearity among the heavy-duty subcategories and
to more stably reflect the resuspension load, these
variables were consolidated for modeling into
two functional groups: (1) Light Vehicles and (2)
Heavy Vehicles. The consolidated hourly matrix
of vehicle counts by category throughout the en-
tire monitoring period is presented in Data S2 of
the Supplementary Dataset.

Meteorological data

The meteorological records were organized
chronologically and transformed to a daily scale.
For air temperature, relative humidity, and wind
speed, daily averages were calculated; for pre-
cipitation, 24-h accumulated values were calcu-
lated; and for wind direction, the predominant
direction according to its daily frequency was de-
termined. The distribution of wind direction and

speed was visualized using WRPLOT. Finally,
the daily ASD data, vehicular flow, and meteoro-
logical variables were integrated into a common
date-based matrix to evaluate their relationships
during the monitoring period.

Statistical data analysis

Descriptive statistics were used to character-
ize and represent the ASD deposition rate, ve-
hicular flow, and meteorological variables. Pre-
liminary bivariate associations were evaluated
using the Spearman correlation coefficient (rho).
Meteorological and traffic variables were aggre-
gated into daily intervals coinciding with the 24-h
exposure window of the ASD collectors (Lag 0).
This contemporary approach was prioritized to
account for the temporal resolution of passive
gravimetric sampling and to preserve the statisti-
cal power of the observational time series (N =31
independent days).

To evaluate the influence of meteorologi-
cal and vehicular predictors on ASD deposition
(N = 310 observations), a Generalized Linear
Mixed Model (GLMM) with a Log-Normal
distribution and logarithmic link function was
fitted using the glmmTMB package in R. The
response variable (ASD, expressed in mg/cm?/
day) was entered on its original scale (Y > 0), al-
lowing the Log-Normal family to directly mod-
el the positive skewness of the data. Continuous
predictor variables (temperature, relative hu-
midity, wind speed, heavy traffic, and light traf-
fic) were standardized (z-score: mean = 0, SD
= 1) to homogenize their scales and facilitate
comparison of the magnitude of their regression
coefficients (). Precipitation was included as a

Table 1. Official vehicle classification — Directive No. 002-2006-MTC/15

Official MTC category Specific Actual description of vehicle type on the road section
subclass
Category L (Light vehicles) L3 Two-wheeled motorcycles.
Category L (Light vehicles) L5 Passenger three-wheeled vehicles (motorcycle taxis). The most abundant

vehicle on the road.

Category M (Passenger vehicles) M1

Private automobiles, station wagons, and sedans (collective transportation

service).

Category M (Passenger vehicles) M2

Minibusses/vans (interurban public transportation Huanuco—Jancao—La

Esperanza).

Category M (Passenger vehicles) M3

Large urban and interprovincial buses.

Category N (Freight vehicles) N1 Pick-up trucks, light distribution and delivery vans.

. . Medium-sized two-axle trucks, flatbed trucks, and medium dump trucks (GVW
Category N (Freight vehicles) N2 between 3.5 t and 12 1).
Category N (Freight vehicles) N3 Heavy trucks and 3- to 4-axle dump trucks (GVW greater than 12 t).

Category O (Trailers) 03/04

Semitrailers and heavy trailers attached to articulated trucks.
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binary categorical variable (Precipitation: Yes/
No). To control for structural autocorrelation
arising from repeated measurements, crossed
random effects by monitoring station (ui, spa-
tial variability) and sampling date (v;, temporal
variability) were specified.

The formal structure of the Log-Normal
GLMM is defined as:

In(ASD;;) = Bo + BiZremp,j + B2Zitum,j +
+ B3Zwing,j + .B4PreCip-j + BSZHeavy it )

+BeZLightt,j + Ui TV + &

where: ASD; represents the observed deposi-
tion rate at station 7 ( = 1,..., 10) during
day j (j = 1,..., 31); po is the intercept;
B,...B, are the regression coefficients
of the fixed effects; u; ~ N (0, Usztation)
is the spatial random effect by station;
v ~N (0,0%y) is the temporal random
effect by date; and &; ~ N (0,0¢) repre-
sents the random residual.

The selection of the distribution family for
the generalized linear mixed model (GLMM)
was evaluated by comparing the Log-normal
specification against the alternative Gaussian
(conventional LMM) and Gamma (log link)
models, keeping the fixed and random effects
structure (1 | Station) + (1 | Date) constant, a de-
cision based on the characterization of the origi-
nal variable (skewness and Shapiro-Wilk nor-
mality test), likelihood (log L), and the Akaike
(AIC) and Bayesian (BIC) Information Criteria.
The validation of assumptions and the analyti-
cal behavior of the models were evaluated using
simulated quantile residuals with the DHARMa
package (Kolmogorov-Smirnov, dispersion,
and outlier detection tests), and the significance
of fixed effects was determined using Type III
Wald tests (y?). Additionally, two parallel sen-
sitivity analyses were performed: on one hand,
coefficient stability against extreme events was
evaluated by refitting the GLMM after exclud-
ing observations above the 95th percentile; on
the other hand, to rule out bias due to spatial
pseudoreplication or random effects specifica-
tion stemming from the use of constant daily
predictors across the ten stations, a multiple lin-
ear regression was fitted on the log-transformed
daily transect mean (InASD__ ) considering N =
31 independent days.
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RESULTS

Temporal variations in ASD and vehicular
flow intensity

The daily ASD deposition rate showed
marked fluctuations during the monitoring period,
with the highest peaks occurring between May
16 and 20, 2026, at all stations (Figure 2a). The
maximum value occurred on May 17, with a total
deposition rate across the 10 stations of 247.64
mg/cm?*day, driven mainly by station S-010. This
event was followed by peaks on May 20 (173.75
mg/cm*day) and May 19 (141.55 mg/cm?/day),
supported by contributions from stations S-002
and S-003. The minimum deposition rates were
observed on May 15 and 23, with daily accumu-
lated values of 2.33 and 2.68 mg/cm?/day, respec-
tively. At the station level during the 31-day study
period, station S-010 recorded the highest load,
with a total accumulation of 166.00 mg/cm? and
a daily median of 0.80 mg/cm*day. In contrast,
station S-009 recorded the lowest levels along the
section, with a total accumulation of 87.81 mg/
cm? and a daily median of 0.56 mg/cm?/day. It
should be emphasized that while the peak on May
20 was indeed due to S-002 and S-003, the event
on May 19 resulted from a generalized, simulta-
neous increase at most of the other stations (S-
001, S-004, S-005, S-006, and S-008).

The distribution of ASD evidenced a con-
tinuous spatial baseline level along the section
(Figure 2b; data transformed to log (ASD + 1)
exclusively for graphical visualization purposes
and not for statistical analysis). Daily medi-
ans remained consistent among the monitoring
points, ranging from 0.42 to 1.21 mg/cm?/day.
Higher outlier values were recorded at stations
S-001, S-002, S-003, S-007, and, with greater
magnitude, at S-010 (exceeding 28.33 mg/cm?/
day during isolated events). Spatial variability
among the 10 monitoring stations was evaluated
through the variance component of the random
intercept by station (1 | Station) in the GLMM,
obtaining an estimated variance close to zero
(0%ation = 4.388 x 1019, This indicates that the
ASD deposition rate remained relatively uniform
along the evaluated section, with no significant
spatial differences among the sampling points af-
ter adjusting for the daily effect.

Vehicular flow exhibited distinct temporal
patterns by functional category (Figure 3a). Pas-
senger transport vehicles (M1/M2/M3) recorded
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the highest volumes along the section, peaking
at 5,191 vehicles/day on May 18 and falling to
1,639 vehicles/day on May 9, 2026, with system-
atic declines on weekends. In contrast, the light
vehicle fleet (L3/L5) showed the greatest tempo-
ral stability throughout the monitoring period, re-
maining within a constant range of 2685 to 3217
vehicles/day, without reductions on Saturdays
and Sundays. The freight vehicle (N1/N2/N3) and
trailer (03/0O4) categories presented lower flows,
recording daily ranges of 321-801 vehicles/day
and 0-57 vehicles/day, respectively, with an al-
most complete reduction in trailer traffic during
weekends (04 vehicles/day).

Meanwhile, the meteorological variables,
with values transformed for visual purposes
(standardized: temperature, relative humidity,
wind speed; logarithmic: precipitation), showed
marked temporal covariation during the evalu-
ation campaign (Figure 3b). Although climatic
fluctuations did not show a direct correspon-
dence with the episodic peaks in ASD deposition,

specific modulations in the time series were iden-
tified. In particular, on days with recorded precip-
itation (May 11, 12, and 21), standardized relative
humidity increased significantly, peaking on May
21, accompanied by decreases in temperature and
wind speed.

Relationship of ASD with meteorological
variables and vehicular flow

The multiple Spearman correlation analysis
(Figure 4) confirmed that the individual bivari-
ate associations between ASD and the predic-
tors were weak and non-significant p < 0.05):
temperature (r, =0.03), humidity (r, =0.08), wind
speed (r, =-0.09), precipitation (r, =0.04), light
vehicles (r, =0.06), and passenger transport (r,
=0.07). These results justified the subsequent use
of GLMM with random effects to capture multi-
variate temporal variability.

The generalized linear mixed model
(GLMM) with a Log-Normal distribution and
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Figure 2. Daily temporal variation in the ASD deposition rate during the monitoring period (a).
Boxplot distribution of the ASD deposition rate across all stations with log (ASD + 1) transformation (b)
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Type III Wald test confirmed that no meteoro-
logical or vehicular predictor significantly af-
fected the ASD deposition rate (p > 0.60 in all
cases; Table 2). Consequently, no statistically
significant associations were detected between
the variables evaluated and ASD during the
study period. This finding indicates that ASD
does not act as a primary pollutant that dispers-
es immediately in response to local vehicular
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flow, but rather as regional background pollu-
tion. The model intercept was highly significant
(p = 1.220, SE = 0.140, y* = 75.42, p < 0.001),
representing an estimated baseline deposition
rate of 3.39 mg/cm*day [exp(1.220)]; that is,
the expected average load when continuous
variables are at their mean values and in the
absence of rainfall.

The random-effects structure showed that
spatial variability among stations was practically
null (6%aion = 4.388 x 1071%), whereas temporal
variability by sampling date explained most of
the dispersion (¢°, = 0.2811). This difference
confirms that ASD deposition is spatially ho-
mogeneous throughout the section and that its
dynamics respond to atmospheric processes at
the macro scale. Finally, simulated residual di-
agnostics using the DHARMa package (Fig-
ure 5) confirmed the absence of overdispersion
(dispersion test: p = 0.392) and severe outliers
(dispersion test: p = 0.741). Although the Kol-
mogorov—Smirnov test detected a deviation from
residual uniformity (KS test: p =0.00051), this is
attributable to the presence of the acute episodic
events recorded in mid-May, without altering the
robustness of the estimates or the absence of ef-
fects from the evaluated predictors.
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Table 2. Fixed effects results of the log-normal GLMM for ASD and Type I1I Wald Test

Predictor variable Est(lg;ate eSrtrirr“zgrlg) z-value Chl'(sx 3;“’"6 Degrees of freedom (df) | p-value | Significance
(Intercept) 1.220 0.140 8.684 75.416 1 <0.001
Temperature 0.008 0.123 0.063 0.004 1 0.950 n.s.
(standardized)
Humidity 0.028 0.128 0.221 0.049 1 0.825 n.s.
(standardized)
Wind (standardized) | -0.059 0.113 -0.518 0.269 1 0.604 ns.
Rain (category: 0.007 0.496 0.014 | 0.0002 1 0.989 n.s.
Yes/No)
Heavy vehicles | 5027 | 0120 | 0212 | 0045 1 0.832 ns.
(standardized)
Light vehicles 0064 | 0128 | 0498 | 0248 1 0619 ns.
(standardized)

Random effects

Groups Variance Standard deviation
Station (10 points) 0%2=4.388 x 10°1° 0 =2.095 x 10
Date (31 days) 02=0.2811 o =0.5302
Model fit metrics
Metric Value
Sample (N) / residual df 310/ 300
AIC/BIC 1134.3/1171.6
Deviance / Dispersion 1114.3 /8.97
Model comparison and sensitivity analysis the Log-Normal model showed the best overall

fit and stability in the dispersion and outlier tests

Comparison of distributional families showed  (dispersion test: p = 0.392; outlier test: p = 0.741;

that, although the Gamma model had a lower  Figure S5b and Table S5), making it the most in-
AIC (AIC = 1115.80) than the Log-Normal mod-  ferentially robust model for the analysis.

el (AIC = 1134.3), residual diagnostics using To justify the use of the model, it was found
DHARMa revealed significant deviations from  that the ASD deposition rate on its original scale
the assumptions of the Gamma distribution (p = exhibited marked positive skewness (skewness

0.00119 in the KS test; Figure S5a). In contrast, coefficient = 7.15) and a severe deviation from

DHARMa residual vs. predicted
QQ plot residuals Quantile deviations detected (red curves)
Combined adjusted quantile test significant

o _ S _ *
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Deviation significant oo 6o °go o
go © g3 g o .
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Figure 5. DHARMa simulated residual diagnostics for the fitted model
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normality (Shapiro-Wilk test: W = 0.389, p <
0.001), confirming the inadequacy of the tradi-
tional Gaussian model (log L =—-1101.97; AIC =
2223.93). When evaluating alternative families
for positively skewed continuous data, the Gam-
ma distribution presented a lower AIC (AIC =
1115.80; log L = —-548.90 ) than the Log-Normal
specification (AIC = 1134.37; log L = —558.19
). However, diagnostic inspection of simulated
quantile residuals revealed a statistically signifi-
cant deviation from theoretical assumptions in the
Gamma model (p = 0.0019 in the KS test; Table
S2 and Figure S1a). Conversely, the Log-Normal
model guaranteed the best overall fit and struc-
tural stability, satisfying the assumptions of ho-
moscedasticity and uniformity in the residual dis-
tribution (p = 0.2423 in the KS test; Table S2 and
Figure S1b), thereby constituting the inferentially
most robust structure for analysis.

The sensitivity analysis at the independent
daily level (N = 31) confirmed the stability of the
findings from the main analysis: no meteorologi-
cal or traffic predictor reached statistical signifi-
cance (p > 0.05 across all covariates) (Table S1).
The invariance in the absence of significant ef-
fects between the daily-disaggregated and daily-
aggregated scales supports the primary model,
demonstrating that the findings are robust and not
biased by the random effects structure.

Likewise, the sensitivity analysis performed
after excluding the outlier values (N = 294) con-
firmed that no meteorological variable or vehicle
category significantly influenced the ASD depo-
sition rate (p > 0.05 in all cases; Table S5). This
result demonstrates that the lack of significance
in the main model reflects the actual dynamics of
pollution and does not reflect a statistical artifact
from episodic peak events or extreme values.

Spatial distribution of ASD deposition
and wind dynamics

The exploratory spatial analysis using IDW
interpolation showed descriptive spatial gra-
dients in ASD deposition across the study area
(Figure 6). The interpolated surfaces represent
continuous approximations of the deposition rate
per cell. The monthly accumulation (Figure 6a)
identified the highest ASD load at stations S-010
(northeastern end), S-002, and S-003 (southern
sector). The median deposition rate (Figure 6b)
exhibited consistently low values throughout
the section (< 1.1 to 1.8 mg/cm?/day), reflecting
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a relatively stable spatial baseline level. In con-
trast, the variability expressed by the IQR (Fig-
ure 6¢) showed marked spatial fluctuations, with
the highest values (>4.4 mg/cm?/day) located at
stations S-008 (northern sector) and S-002/S-005
(southern sector). These points of high variability
coincide with the greatest total accumulation re-
corded during the monitoring period (Figure 6a;
>134.9 mg/cm?*day), indicating that total accu-
mulation in these sectors is driven by discrete ep-
isodic resuspension events rather than by a con-
stant elevation of the baseline. The anemometric
analysis (Figure 6d) identified a dominant wind
flow originating from the Northeast sector (NE—
ENE), reaching gusts of up to 8.8 m/s in 12.6%
of the observations (with 7.02% of calm periods),
which coincides with the orientation of the road
section and suggests a preferential vector for the
wind-driven transport of sedimentable particles.

DISCUSSION

The Type III Wald test of the GLMM and
Spearman correlations detected no statistically
significant associations between vehicle traffic
intensity and daily ASD deposition (p > 0.05).
This lack of statistical significance does not prove
the absence of a physical resuspension effect, but
rather indicates that, given the sample’s statisti-
cal power and temporal resolution (N = 31 days),
daily traffic variability did not detectably explain
the deposition rate in the collectors. These find-
ings differ from those reported by Delgado Al-
varado (2019) in Trujillo and by Mayta-Merma et
al. (2021) in Ilave (Puno), where higher volumes
of vehicular traffic directly and proportionally
increased the concentration of sedimentable dust
on roadways. However, they are consistent with
the findings reported by Lazo Ramos et al. (2022)
along Av. Cusco Road corridor in Tacna, who also
did not identify a significant correlation between
urban transportation flow and particle levels cap-
tured through passive sampling (Rho = -0.153, p
> (.05). Cross-contextual discrepancies suggest
that the relationship between traffic flow and ASD
is neither linear nor direct, but rather strongly me-
diated by vehicle speed, local sediment availabil-
ity, and road surface condition. Therefore, ASD
along this road segment statistically behaved like
background pollution, with daily fluctuations not
coupled to recordable traffic volume.
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Figure 6. Exploratory spatial patterns of ASD deposition during the 31-day monitoring period:
(a) total accumulated deposition during the study period (mg/cm?),
(b) daily median deposition rate (mg/cm?/day), (¢) Interquartile range (mg/cm?/day),
(d) wind rose illustrating the prevailing wind speed and direction during the study

Similarly, the absence of significant associa-
tions with meteorological predictors (p > 0.05) re-
flects the limitations of the observational design
to capture contemporaneous linear relationships
during a short dry period, and should not be in-
terpreted as an absence of meteorological control
over particle dynamics. This behavior contrasts
directly with the research conducted by Chavez
Pérez (2018) in the urban area of Huanuco, where
climate (temperature, wind speed, and precipi-
tation) had an inverse and decisive effect on the
deposition of sedimentable particles. Similarly,
it differs from the findings reported by Enciso

Tuanama (2023) in Yarinacocha (Ucayali), who
documented that precipitation and relative hu-
midity exerted decisive natural control over dust
deposition, with strong negative correlations
with ASD (p = 0.000). However, the contempo-
rary findings of this study are consistent with the
climatic homogeneity and low meteorological
sensitivity described by Garcia Chirinos (2024)
on paved avenues in Huancayo. In this scenario,
macroscale wind dynamics serve as the primary
vector for regional transport, while surface mi-
croclimatic variations do not reach a sufficient
magnitude to generate statistically detectable
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responses at the evaluated daily scale. (Farmer et
al., 2021).

The variance decomposition of the multi-
variate mixed model revealed that the net spa-
tial variability among the 10 monitoring stations
along the 2 km section was statistically null
(0%tation = 4.388%101%), with daily temporal vari-
ation (daily temporal variation) explaining the
entirety of the data dispersion. Although Carte-
sian geostatistical interpolation (IDW) suggests
local visual gradients along the peri-urban corri-
dor, the GLMM’s statistical inference reconfirms
the spatial homogeneity of the central tendency
once daily variability is accounted for. This ap-
parent divergence between the continuous visu-
alization of raster maps and the inferential rigor
of the mixed model differs from the behavior
documented by Santillan-Lima et al. (2023) in
Cajabamba (Ecuador) and by Chambilla Tello
et al. (2024) on the university campus of Tacna;
in both studies, geostatistical modeling (Kriging
and IDW, respectively) captured and validated
marked spatial differences (hotspots) generated
by the direct proximity of highly specific fixed
anthropogenic sources (such as concrete block
factories or grain mills). Regarding the anoma-
lous behavior, the episodic deposition peaks
qualitatively recorded at station S-010 (north-
ern sector of the section), the wind rose, and the
orientation of the section lead to the exploratory
hypothesis that local dry deposition dynamics
may be modulated by fine-scale micrometeoro-
logical variations, immediate terrain roughness,
and artificial physical barriers that locally alter
wind energy and favor mechanical sedimenta-
tion by gravity (Csavina et al., 2012; Amato et
al., 2014b). Nevertheless, given the available
sampling density (N = 10) and the uncertainty
inherent in the LOOCYV validation of the IDW
method, station S-010 should be interpreted with
academic caution, not as a definitive pollution
hotspot, but as a focal area of interest for future
investigations with denser microscale sampling.

The study presents methodological limita-
tions that should be acknowledged. First, the
31-day monitoring window does not encompass
seasonal or interannual variability in the area.
Second, logistical constraints limited automated
vehicular counting to a single counting point at
the corridor scale (2 km) and placed the reference
meteorological station 4 km from the study site,
which prevented the capture of micro-vehicular
variations (such as acceleration or congestion in
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front of each collector) or high-resolution micro-
climatic fluctuations. Third, the model evaluated
only the contemporaneous relationship (Lag 0);
given that physical processes such as sediment
drying and resuspension may exhibit 24- to 48-
hour inertia (Lag 1 or Lag 2), future studies with
continuous high-frequency monitoring will allow
delayed effects to be evaluated. Finally, the lack
of chemical speciation prevented precise analyti-
cal attribution of emission sources. Despite these
limitations, the diagnostic robustness of the Log-
Normal GLMM, the methodological design, and
the assessment of traffic dynamics provide a much
more rigorous and representative characterization
of vehicular impacts. This ensures the reliabil-
ity of the inferences and provides an empirical
baseline for environmental management and road
maintenance in urban and peri-urban corridors.

CONCLUSIONS

Under the observational design and the evalu-
ated monitoring window (N = 31 independent
days), the GLMM detected no statistically signifi-
cant associations (p > 0.05) between traffic flow
fluctuations or meteorological variables and the
ASD deposition rate. This result indicates that,
given the available temporal resolution and sam-
ple size, daily ASD variations showed no direct
coupling with short-term changes in local traffic
or surface weather, statistically behaving as a con-
stant background environmental load governed
by inter-day temporal dynamics that reached their
highest accumulation on May 17 (247.64 mg/
cm?/day). Although the spatial random variance
between stations was practically zero (0Z40n ~
0), cartographic exploration revealed episodic
accumulations in the northern sector (station
P-010), potentially modulated by passive advec-
tion attributable to prevailing NE-ENE winds.

From an environmental management per-
spective, failing to detect a direct proportional
relationship between traffic volume and daily
deposition during this period suggests that traf-
fic acts predominantly as a physical resuspension
agent on a pre-existing reservoir rather than as the
primary source of the daily deposited mass. Con-
sequently, mitigation strategies should not be lim-
ited to traffic volume control but should prioritize
reducing road sediment load through scheduled
watering, mechanical sweeping, and unpaved sur-
face stabilization in the northern sector. Since the
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absence of statistical significance does not equate
to the non-existence of physical impact, future re-
search is recommended to expand the monitoring
window to seasonal scales, increase sampling fre-
quency to evaluate potential lagged effects, and
incorporate chemical speciation analysis for ana-
lytical source apportionment.
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