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Abstract

Atmospheric aerosols are known to alter the Earth’s radiative balance and influence cli-
mate. However, accurately quantifying the magnitude of aerosol-induced radiative forc-
ing remains challenging. We characterize optical properties of biomass-burning (BB)
and non-biomass-burning (NB) aerosols and quantify BB aerosol radiative forcing at two
AERONET (AErosol RObotic NETwork) sites in Huancayo (Peru) and La Paz (Bolivia) dur-
ing 2015-2021. From AERONET data, we derive aerosol optical depth (AOD), Angstrém
exponent (AE), single-scattering albedo (SSA), and asymmetry parameter (ASY). We then
employ the SBDART model to calculate aerosol radiative forcing (ARF) on monthly and
multiannual timescales. BB aerosols peak in September (AOD: 0.230 at Huancayo; 0.235 at
La Paz), while NB aerosols reach maxima in September at Huancayo (0.109) and November
at La Paz (0.104). AE values exceeding unity for BB aerosols indicate fine-mode domi-
nance. Huancayo exhibited the highest BB ARF in November: +16.4 W m~2 at the top
of the atmosphere (TOA), -18.6 W m~2 at the surface (BOA), and +35.1 W m~2 within
the atmospheric column (ATM). This was driven by elevated AOD and high scattering
efficiency. At La Paz, where SSA data was only available for September, BBARF values
were also significant (+15.16 at TOA, -17.52 at BOA, and +32.73 W m 2 within the ATM).
This result underscores the importance of quantifying the ARF, particularly over South
America where data is scarce.

Keywords: AERONET; AOD; AE; SSA; ASY; ARF

1. Introduction

Each year, millions of tonnes of suspended aerosols perturb Earth’s radiative balance
and impact climate and human health. Atmospheric aerosols are solid or liquid particles
ranging from 0.001 to 100 pm in diameter [1,2]. They originate from natural processes—
such as dust uplift and sea-salt generation—and from anthropogenic activities, notably
fossil fuel combustion and biomass burning [3,4]. Black carbon emissions from wood-fuel
use and wildfires account for 59-85% of global black carbon releases [5,6]. By scattering and
absorbing solar and terrestrial radiation, these particles alter the net atmospheric radiative
balance and reduce the solar irradiance reaching the surface [7].

Beyond degrading visibility and impairing respiratory health, aerosols modify cloud
microphysics and precipitation patterns [8,9]. These effects extend to ecosystem dynamics
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and air quality, linking pollution episodes to broader environmental and societal conse-
quences. However, the high spatial and temporal variability of aerosol concentrations and
properties complicates precise quantification of these impacts [10,11].

Radjiative forcing quantifies how aerosols perturb the balance between incoming and
outgoing radiation at the tropopause [8,12]. This forcing is assessed at the top of the
atmosphere (TOA), the bottom of the atmosphere (BOA), and within the atmospheric
column (ATM) [13]. Key optical parameters—AOD, AE, SSA, and ASY—govern the
magnitude of aerosol radiative forcing (ARF), depending on aerosol type, distribution, and
optical behavior [14].

In tropical South America, logging, deforestation, and intensified droughts drive
frequent Amazonian fires, making biomass burning a dominant aerosol source [15,16]. Fine
particles (<10 pm) emitted in the basin can travel thousands of kilometers, transported
by trade winds along the eastern Andean slope [16,17]. This study focuses on two high-
altitude AERONET sites: Huancayo (12.040° S, 75.321° W; 3313 m a.s.l.) in Peru and La Paz
(16.539° S, 68.066° W; 3439 m a.s.l.) in Bolivia.

Previous regional research using MODIS data documented seasonal AOD cycles in
Peru and Bolivia, with peak values during the austral summer and minima in winter [18-20].
Comparisons of MODIS-derived AOD with simultaneous AERONET observations at La
Paz revealed weak correlations, underscoring potential retrieval biases of the satellite
algorithm over high-altitude mountainous terrain [19]. Sun-photometer measurements
at Huancayo linked monthly AOD variability primarily to biomass aerosols [21], and
observations during the 2019 burning season confirmed the dominance of continental and
biomass particles [22]. However, none of these studies quantified ARF or examined the
seasonal evolution of SSA and the ASY at these sites.

To fill this gap, we aim to characterize the optical properties of biomass-burning
Aerosols in two high Andean cities, Huancayo and La Paz, and their effect on radiative
forcing. We process Level 2 AERONET data (2015-2021), focusing on AOD, AE, SSA, and
ASY, and employ the SBDART radiative transfer model to estimate forcing at TOA, BOA,
and ATM [23].

2. Material and Methods
2.1. Study Sites

This study evaluates the optical properties of aerosols in two high Andean cities
in South America: Huancayo (12°04.0’ S, 75°19.3' W; 3313 m a.s.1.), the principal urban
center of Peru’s Mantaro Valley with over 400,000 inhabitants, and La Paz (16°32.3" S,
68°03.9' W; 3439 m a.s.l.), the administrative capital and economic hub of Bolivia, home to
approximately 1.8 million residents. The high-Andean cities of Huancayo and La Paz are
shown in Figure 1.

Both sites are influenced by emissions from forest fires in the Amazon and adjacent
high Andean regions. AERONET stations deployed in Huancayo and La Paz delivered
continuous, cloud-screened measurements of AOD and the Angstrém exponent.

2.2. Data and Methodology
2.2.1. Data

In this research, we integrate Level 2 aerosol optical measurements from AERONET,
the NCAR Fire INventory (FINN), NCEP/NCAR Reanalysis I meteorological fields, and
accumulated precipitation data, as detailed in the following sections.
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Figure 1. Study sites.

AERONET

AERONET is a global network of solar photometers installed at various terrestrial sites.
It is designed to deliver continuous, long-term measurements of AOD with a high temporal
resolution (15 min) and low uncertainties (0.01-0.02) [24]. In addition, AERONET supplies
data regarding particle concentrations and types—such as sulfates, sea salt, and soot—as
well as water vapor (precipitable water), making it an essential resource for monitoring
variations in the optical properties of atmospheric aerosols [10].

Each AERONET station is equipped with a CIMEL sun photometer that measures
the spectral irradiance of both the Sun and the sky [25]. The network provides aerosol
data at eight wavelengths: 340, 380, 440, 500, 675, 870, 1020, and 1640 nm [26]. A strict
data quality control protocol classifies the measurements into different processing levels:
Level 1.0 comprises raw, uncorrected data; Level 1.5 consists of processed measurements
with the removal of cloud and rain contamination; and Level 2.0 involves further cloud
screening and post-calibration [27]. Data at Level 2.0, derived from rigorous in situ quality
control and calibration procedures, provide highly accurate estimates of aerosol optical
properties [28].

Given this high precision, the current study exclusively employed AERONET Level
2.0 data, without the need for numerical model simulations or satellite-derived products.
These AERONET products are freely accessible at http://aeronet.gsfc.nasa.gov/ (accessed
on 11 October 2025).

NCEP/NCAR Global Reanalysis Data

It is a gridded reanalysis dataset created through the cooperation of the National
Centers for Environmental Prediction (NCEP) and the National Center for Atmospheric
Research (NCAR) of the United States. These data have a temporal resolution of 6 h and a
spatial resolution of 1.90° x 1.875° (latitude by longitude) [29]. The NCEP/NCAR data are
available at https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html (accessed on
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11 October 2025) and are used as input meteorological data for the HYSPLIT model in the
present study.

Fire INventory from NCAR (FINN)

Derived from the MODIS fire products, the FINN inventory (https://www2.acom.
ucar.edu/modeling/finn-fire-inventory-ncar, accessed on 11 October 2025) estimates trace
gas and aerosol emissions from open biomass burning, which includes forest and agricul-
tural fires but does not include biofuel or trash burning [30,31]. Emissions are estimated
using a bottom-up approach based on the amount of biomass burned and corresponding
emission factors. The FINN utilizes satellite observations of active fire detections and land
cover derived from the MODIS sensor aboard the Aqua and Terra satellites, enabling the
generation of daily estimates at a spatial resolution of up to 1 km? [32]. Given the high
spatial and temporal resolution of the data provided by the FINN, this study employed
the dataset to quantify the number of forest fire events (NFF) and the concentration of
particulate matter with aerodynamic diameter less than 10 pm (PM10).

Accumulated Precipitation

Accumulated precipitation data for 2015-2021 were obtained from the Huancayo Au-
tomatic Meteorological Station of the Geophysical Institute of Peru (IGP), a research-grade,
fully automated facility at the IGP Huancayo Observatory that records precipitation at
one-minute intervals using high-precision sensors (tipping-bucket rain gauge, thermohy-
grometer, barometer, anemometer) and a Campbell Scientific data logger.

For La Paz, precipitation records were obtained from the Achocalla station operated by
the Bolivian National Meteorological and Hydrological Service (Servicio Nacional de Mete-
orologfa e Hidrologia, SENAMHI), which, under the Ministry of Environment and Water,
maintains an extensive network of automated and conventional stations nationwide to pro-
vide real-time weather observations and support forecasting and hydrological assessments.

Atmospheric aerosols can be removed by dry or wet deposition [33]. This research
will not analyze the factors causing dry deposition but will focus solely on the factors
that cause wet deposition. Wet deposition occurs due to precipitation [34] and since
precipitation is recorded throughout the year in the cities of Huancayo and La Paz, it
directly affects the persistence of aerosols in the atmosphere. Table 1 presents the monthly
variation in accumulated precipitation. In Huancayo, the highest accumulated precipitation
is recorded in January (813.27 mm), while in La Paz, the highest accumulated precipitation
also occurs in January (862.40 mm). The lowest accumulated precipitation values are
recorded in July (33.38 mm) in Huancayo and in June (53.70 mm) in La Paz. In Huancayo,
accumulated precipitation decreases significantly from January to July, but increases from
July to December.

In La Paz, precipitation decreases from January to June, and from June onwards, it
begins to increase until December. In January, May, and July, precipitation in La Paz is
greater than in Huancayo, while in the other months, the opposite is true.

Table 2 presents the multiannual variation in precipitation. Precipitation in La Paz was
higher than in Huancayo in 2018 and 2020; in the other years, the opposite occurred. The
highest precipitation in La Paz was recorded in 2018, while in Huancayo, it was recorded
in 2015.

2.2.2. Methodology
HYSPLIT
The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model is a

particle-dispersion framework that couples Lagrangian and Eulerian techniques to simulate
the transport and dispersion of tracers from local to global scales [35]. In its Lagrangian
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module, HYSPLIT tracks individual air parcels in a moving reference frame to compute
advection and turbulent diffusion. Simultaneously, its Eulerian grid applies a fixed three-
dimensional mesh to calculate concentration fields and pollutant mixing [35].

Table 1. Monthly variation in accumulated precipitation at Huancayo (HYO) and La Paz (LPAZ).

Accumulated Precipitation (mm)

Month

HYO LPAZ
Jan 813.268 862.400
Feb 760.360 756.500
Mar 680.648 500.400
Apr 369.294 258.300
May 118.800 147.700
Jun 77.428 53.700
Jul 33.680 77.500
Aug 100.712 84.000
Sep 319.000 240.900
Oct 431.546 358.100
Nov 436.372 390.000
Dec 686.816 637.300

Table 2. Multiannual variation in accumulated precipitation at Huancayo (HYO) and La Paz (LPAZ).

Accumulated Precipitation (mm)

Year
HYO LPAZ

2015 805.790 734.700
2016 667.258 621.000
2017 689.924 598.900
2018 759.460 816.200
2019 763.016 510.600
2020 464.312 515.500
2021 678.434 569.900

This integrated approach enables rigorous back-trajectory analyses, identifying the
origin of air masses and potential aerosol source regions. In the present study, we computed
120 h backward trajectories arriving at the AERONET sites in Huancayo and La Paz, using
a receptor altitude of 200 m above ground level to capture near-surface transport pathways.
In the present study, we used NCEP/NCAR reanalysis data as the meteorological input for
the HYSPLIT model.

Aerosol Radiative Forcing

Aerosol radiative forcing (ARF) is defined as the influence of aerosols on radiative
fluxes at both the top of the atmosphere (TOA), defined as 100 km above the surface of the
Earth, and the bottom of the atmosphere (BOA), defined as 1 km above the surface of the
Earth, as well as on radiation absorption in the atmosphere [13,36]. In operational terms,
AREF at the TOA is defined in accordance with Srivastava [8]:

_ (p 1 ! 1
AARFroa= (FTOA —Froa) — (FTOA,O - FTOA,O) @)

where Fros and Froa o are the global irradiances at the aerosol and non-aerosol TOA,
respectively. The arrows indicate the upward direction (1) and downward direction (|) of
the radiation fluxes. The ARF is expressed in Wm 2. Similarly, the ARF is determined at
the BOA [1]:

— (gt T |
AARFpoa= (FBOA — Fpoa) — (FBOA,O - FEOA,O) (2)
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where Fpoa and Fpoa ¢ are the global irradiances at the BOA with and without aerosol,
respectively. The ARF in the atmosphere, which represents the amount of solar energy
trapped in the atmosphere, is obtained by subtracting the ARF at the TOA from the ARF at
the BOA, as shown in the following expression:

AARFpmM= AARFroa — AARFpoa 3)

The Santa Barbara Discrete Atmospheric Radiative Transfer (SBDART) model [23]
is used to calculate the ARF. SBDART is a model that calculates radiative transfer in a
plane-parallel medium under clear and disturbed sky conditions. This tool includes all
the important processes that affect the ultraviolet, visible, and infrared radiation fields
model [23]. Aerosol optical properties—including AOD, AE, ASY, and SSA—were used as
input parameters in the SBDART radiative transfer model.

3. Results
3.1. Analysis of Air Mass Retrotrajectories

Atmospheric aerosols, once generated either naturally or anthropogenically, are trans-
ported by air masses and spread over short or long distances, depending on the type of
aerosol and meteorological conditions. Therefore, it is essential to know the origin of the
air masses, as they may coincide with areas where atmospheric aerosols are generated.
After performing detailed back-trajectory analyses for each year from 2015 to 2021 and
carefully evaluating trajectory patterns and data quality for each year, we selected 2016
for Huancayo and 2018 for La Paz because these years were statistically representative
and exhibited the clearest and most consistent air-mass source patterns. Figure 2a shows
the flow patterns of the air masses that arrived at the AERONET station in Huancayo,
represented as a fusion of individual trajectories close to each other and grouped (cluster)
according to their average trajectory. 61% of the air masses originated within Peruvian
territory, with 29.2% coming from the north of the Peruvian Amazon and 31.8% from the
northeast of Peru. 18.4% originated in Brazil, and 20.7% had a marine origin, within the
waters of the Pacific Ocean; these air masses carry maritime-type aerosols. It should be
noted that the air masses of marine origin, when moving towards the city of Huancayo,
cross the desert coast of Peru, also transporting dust-type aerosols [21].

Figure 2b displays clustered trajectories of air masses arriving at the La Paz AERONET
station. Of these, 41.8% originated within Bolivia, 41.1% traversed the Peru-Brazil border
region, and 17% had marine origins. Combined observations from Figure 2a,b identify the
Amazon as the principal source of air masses reaching both Huancayo and La Paz.

3.2. Number of Forest Fires and Particulate Matter

Knowing the patterns of the air masses that reach the cities of Huancayo and La Paz
allows us to identify the possible sources of atmospheric aerosols. Since this research focuses
on the study of BB aerosols, it is essential to consider the geographic areas surrounding
each of these cities, as forest fires in these regions are known to generate BB aerosols. The
geographic area surrounding the cities of Huancayo and La Paz will be referred to as the
“area of influence”. To define the study’s area of influence, we analyzed individual air-mass
trajectories reaching the AERONET stations in Huancayo and La Paz and delineated the
influence area to encompass all regions where those individual trajectories originated. We
additionally considered aerosol residence time, which can range from a few hours to several
weeks [37]. This delineated area was used to count forest-fire occurrences within it and
to compute the mean PM10 across the influence area. Figure 2 presents the mean of the
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individual trajectories, and the selected area of influence circumscribes the full set of source
regions identified by those trajectories.
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Figure 2. Air masses reached the AERONET station in (a) Huancayo and (b) La Paz.

Therefore, a larger area than that represented by the origins of the air mass patterns
was considered. The areas of influence for the cities of Huancayo and La Paz are shown
in Figure 3. Areas of influence of the cities of Huancayo and La Paz: The purple rectangle
represents the area of influence of Huancayo, while the blue area represents the area of
influence of La Paz.

The area of influence for Huancayo is bounded by the following geographic coor-
dinates: W = —78°, E = —68°; N = —3.2°; S = —15°. The area of influence for La Paz
is bounded by the following geographic coordinates: W = —74°; E = —57°; N = —7°;
S = —27° (Figure 3).

Once the areas of influence were established, the number of forest fires (NFF) and
the mean concentration of particulate matter with an diameter less than 10 um (PM10)
generated within those areas were determined.

Table 3 presents the monthly variation in NFF and PM10 at the areas of influence of
Huancayo and La Paz. In the area of influence of the city of Huancayo, the NFF decreases
from February to May, with May recording the lowest NFE. From June to September,
the NFF increases, then decreases in October and November, before increasing again in
December. The highest PM10 values are recorded in October (3.320 x 10* kg/month),
August (3.644 x 10* kg/month), and September (3.760 x 10* kg/month), with September
being the highest. In January, PM10 records its lowest value, with 1.519 x 10* kg/month.

In the area of influence of the city of La Paz, the lowest NFF is recorded in Febru-
ary, while the highest NFF value is recorded in September. Regarding PM10, the lowest
value was recorded in April (1.979 x 10* kg/month) and the highest value in September
(2.863 x 10* kg/month), which coincides with the values recorded for Huancayo.

In the areas of influence of the cities of Huancayo and La Paz, the highest amount of
NFF is recorded in August, September, and October, which also generate higher amounts
of PM10.
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Figure 3. Areas of influence of the cities of Huancayo and La Paz: the purple rectangle represents the

area of influence of Huancayo, while the blue area represents the area of influence of La Paz.

Table 3. Monthly variation in NFF and PM10 at the areas of influence of Huancayo (HYO) and La

Paz (LPAZ).

NFF PM10 (kg/Month)
Month Area of Influence Area of Influence

HYO LPAZ HYO LPAZ
Jan 50,391 27,539 1.519 x 10* 2.033 x 10*
Feb 72,515 21,252 2.678 x 10* 2.013 x 10*
Mar 52,456 27,824 2.960 x 10* 1.992 x 10*
Apr 23,036 25,639 2.764 x 10* 1.979 x 10*
May 17,320 26,516 2.638 x 10* 1.986 x 10*
Jun 31,434 44,129 2.625 x 10* 2.027 x 10*
Jul 86,382 118,531 2.745 x 10* 2.142 x 10*
Aug 246,033 307,376 3.644 x 10* 2.620 x 10*
Sep 327,807 395,354 3.760 x 10* 2.863 x 10*
Oct 188,244 232,414 3.320 x 10* 2.553 x 10*
Nov 86,863 88,615 2937 x 10* 2.402 x 10*
Dec 87,671 92,771 2.747 x 10* 2407 x 10*

Table 4 presents the multiannual variation in NFF and PM10 at the areas of influence

of Huancayo and La Paz. In the area of influence of the city of Huancayo, the highest
NFF was recorded in 2016, followed by 2020. In 2016, drought [38] prolonged the biomass
burning period, while in 2020, warm ocean temperatures in the tropical Atlantic pushed

rainfall away from South America, creating favorable conditions for increased biomass
burning [39]. The lowest NFF value was recorded in 2015. Regarding PM10, the highest
value occurred in 2019 (3.190 x 10* kg/year). Although the NFF was higher in 2016, this
result is attributed to the fact that precipitation in 2019 was higher than in 2016 (see Table 2),
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which contributed to higher humidity in the biomass, leading to greater emissions of BB
aerosols [40]. The lowest PM10 value was recorded in 2015 (2.597 x 10* kg/year).

Table 4. Multiannual variation in NFF and PM10 at the areas of influence of Huancayo (HYO) and La
Paz (LPAZ).

NFF PM10 (kg/Year)
Year Area of Influence Area of Influence

HYO LPAZ HYO LPAZ
2015 140,169 147,332 2.597 x 10* 1.020 x 10*
2016 203,792 202,274 2.778 x 104 1.763 x 10*
2017 155,977 180,098 2.719 x 10% 2.270 x 10*
2018 161,500 152,454 2.985 x 104 2.542 x 10*
2019 193,828 214,314 3.190 x 10* 2.883 x 10*
2020 199,665 259,588 2.966 x 10* 2.607 x 10%
2021 168,331 197,222 2.885 x 10* 2.649 x 104

In the area of influence of the city of La Paz, the highest NFF was recorded in 2020,
followed by 2019. The lowest NFF value was recorded in 2015. Regarding PM10, the
highest value was recorded in 2019 (2.883 x 10* kg/year), although the NFF was higher in
2020. The lowest PM10 value was recorded in 2015 (1.020 x 10* kg/year).

3.3. Aerosol Types in Huancayo and La Paz

The aerosol classification method employed in the present study is based on an analysis
of a scatter diagram that correlates AOD at 400 nm with the AE over the 440-870 nm
range [10,41,42]. Although alternative classification approaches exist, this method is among
the most commonly used. Establishing thresholds among the various aerosol types requires
consideration of several factors, including the specific characteristics of the measurement
site and its surroundings, as well as a preliminary analysis of air mass behavior to define
potential source regions. By employing this method, several aerosol types may be identified
through the determination of physically interpretable clusters, which serve as threshold
values for both AOD at 400 nm and AE in the 440-870 nm range [10].

In this investigation, aerosols have been grouped into two categories: BB and NB.
Biomass aerosols (BB) originate from biomass burning, whereas NB aerosols are composed
of continental, marine, dust, urban, and mixed particles [21]. Specifically, BB are defined by
the following condition: 1.01 < AE < 2.60 and AOD > 0.14 [21] aerosol observations that
fall outside the range established for BB.

Table 5 presents the monthly variation in aerosol types. In Huancayo, the proportion
of BB ranges from 1.263% to 53.646%, with the highest percentages recorded in August,
September, and October. These results are attributed to the fact that the minimum number
of forest fires (NFF) is observed in May, whereas higher NFF values are recorded in August,
September, and October, as shown in Table 3. Similarly, in La Paz, the highest percentages
of BB occur in August, September, and October—with a peak in September—while the
lowest value is observed in February. In both cities, the elevated proportions of BB are
associated with an increased number of recorded forest fires.

In Huancayo, the percentage of NB exceeds 69% throughout the year, except in August
and September when it drops below 50%. In La Paz, the percentage of NB remains above
60% except in September, when it reaches 45.135%.

In both cities, in November, BB exceed those of October, despite the fact that more
forest fires were recorded in October. This behavior is due to the fact that November is
the planting season in the Andean areas near the AERONET stations of Huancayo and La
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Paz, which causes the burning of agricultural waste, increasing the concentration of BB.
Another contributing factor is the increase in precipitation, as the rise in humidity in the
biomass due to precipitation favors a greater emission of BB [40].

Table 5. Monthly variation in aerosol types at Huancayo (HYO) and La Paz (LPAZ).

BB (%) NB (%)
Month

HYO LPAZ HYO LPAZ
Jan 6.901 12.055 93.099 87.945
Feb 9.063 6.934 90.937 93.066
Mar 5.345 9.875 94.655 90.125
Apr 5.572 16.133 94.428 83.867
May 1.263 10.734 98.737 89.266
Jun 4.447 11.568 95.553 88.432
Jul 15.154 12.764 84.846 87.236
Aug 51.070 35.716 48.930 64.284
Sep 53.646 54.864 46.354 45.135
Oct 27.716 33.383 72.284 66.617
Nov 30.817 40.000 69.183 60.000
Dec 11.298 11.638 88.702 88.362

Table 6 shows the multiannual variation of aerosols. In Huancayo, in 2020, BB reached
their highest percentage value, despite the fact that a greater number of forest fires were
recorded in 2016, as shown in Table 4. However, in 2016, precipitation was greater than
in 2020, which favored a greater process of elimination by wet deposition. The lowest
percentage of BB was recorded in 2021, despite the fact that the number of forest fires was
lower in 2015 than in 2021; this behavior is due to the reasons previously explained. In La
Paz, as in Huancayo, the highest percentage of BB was recorded in 2020, and the lowest
in 2016.

The percentage of BB depends on the NFF in the area of influence; however, due
to precipitation, a wet deposition process occurs, which causes aerosols to be eliminated
before reaching the AERONET stations located in the cities of Huancayo and La Paz.

Table 6. Multiannual variation in aerosol types at Huancayo (HYO) and La Paz (LPAZ).

BB (%) NB (%)
Year

HYO LPAZ HYO LPAZ
2015 20.210 20.068 79.790 79.932
2016 20.609 18.519 79.391 81.481
2017 16.204 19.973 83.796 80.027
2018 14.126 21.752 85.874 78.248
2019 26.541 26.334 73.459 73.666
2020 35.282 30.190 64.718 69.810
2021 12.800 21.383 87.200 78.617

3.4. Aerosol Optical Depth in Huancayo and La Paz

AOD is a crucial dimensionless parameter in the study of climate change [43] that
quantifies the extinction of radiation at a specific wavelength due to the presence of aerosols.
It is calculated by integrating the aerosol extinction coefficient along the atmospheric
column [44].

Figure 4a presents the monthly variation in AOD for BB in the cities of Huancayo and
La Paz. In Huancayo, the highest values are observed in July (0.227), August (0.226), and
September (0.230), which is attributed to the increased concentration of BB during these
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months. It is noteworthy that the AOD in July exceeds that in October, despite Table 5
indicating a lower BB fraction in July; this behavior is linked to the reduced precipitation
recorded in July compared with October, as shown in Table 3. Furthermore, the February
AOD (0.204) is higher than the values registered in January (0.202) and March (0.197), due
to the harvest season in the Mantaro valley, which promotes the burning of agricultural
residues. The minimum AOD value in Huancayo is recorded in June (0.164).
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Figure 4. Variations in AOD: (a) monthly BB, (b) monthly NB, (¢) multiannual BB, (d) multiannual NB.

In La Paz, the maximum values of AOD BB are observed in September (0.235) and
November (0.234), coinciding with the highest presence of BB, as evidenced by Table 5. The
lowest values are recorded in February and May, with both months exhibiting an AOD
of 0.178. Additionally, during September and November, both cities show the highest
standard deviation (SD) in AOD values—this variability is attributed to the considerable
heterogeneity in aerosol measurements, reflecting the significant fluctuations in the intensity
of biomass burning during these months.

Figure 4b displays the monthly variation in NB AOD in the cities of Huancayo and
La Paz. In both cities, the AOD for NB reaches its maximum values in August, September,
and November. This behavior is attributed to the presence of mixed-type aerosols (one of
the components within the NB group), which form at the interface between BB and dust
aerosols [21,45]. Consequently, as the proportion of BB increases during these months,
the contribution of mixed-type aerosols also rises [46]. Furthermore, the SD of the NB
measurements exhibits lower variability compared to that of the BB, indicating that most of
the data are concentrated near the mean value.

The AOD recorded in Huancayo in September (0.230 for BB and 0.109 for NB) differs
from the values reported by Victoria and Estevan [22], who documented an overall aerosol
AQOD of 0.159. This discrepancy arises because those authors analyzed only the biomass
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burning season of 2019 without differentiating between BB and NB. In La Paz, the AOD
recorded in September (0.235 for BB and 0.100 for NB) is higher than that reported by
Pérez-Ramirez [17] for the biomass burning period, during which the AOD was 0.12. This
difference is attributed to the increased incidence of biomass burning in recent years.

Figure 4c illustrates the interannual variation in AOD for BB at both sites. In Huancayo,
the highest BB AOD values are observed in 2016 (0.229), 2019 (0.234), and 2020 (0.233),
reflecting an increased presence of BB, in agreement with the data presented in Table 2.
The lowest value was recorded in 2017, despite the BB concentration being higher than in
2018. This behavior is explained by the greater generation of PM10 in 2018 (see Table 4),
which resulted in enhanced solar radiation extinction. Moreover, the Coastal El Nifio phe-
nomenon that occurred in 2017 during summer and autumn promoted the wet deposition
of atmospheric aerosols [47]. In La Paz, the highest AOD was observed in 2020, while the
lowest occurred in 2015, for reasons analogous to those seen in Huancayo. Notably, during
2016, 2018, and 2019, Huancayo exhibited a considerably higher SD compared to La Paz,
indicating a greater heterogeneity in atmospheric aerosol concentrations in Huancayo.

Figure 4d shows that interannual NB AOD remains consistently below 0.10 at both
sites. Across both monthly and interannual scales, BB AOD exceeds NB AOD, confirming
that aerosol optical depth in these regions is primarily governed by biomass-burning
particles [21].

3.5. Angstrom Exponent in Huancayo and La Paz

The spectral dependence of AOD is associated with the particle size distribution,
making it an indicator of particle size [48]. The AE is a reliable indicator of the dominant
size of particles dispersed in the atmosphere. Values above 1 are typically associated with
fine-mode aerosols, whereas values below 1 indicate a greater presence of coarse-mode
particles. Consequently, a higher AE signifies the predominance of fine-mode particles,
while a lower AE suggests a higher proportion of coarse-mode particles [49].

Figure 5a shows the monthly variation in the AE for BB. In Huancayo, the AE remains
above 1.55 throughout all months, indicating a predominance of smaller aerosols. This
observation is attributed to the fact that fine aerosols produced in the Amazon can reach
the Andes, while larger aerosols tend to undergo dry deposition during transport from the
Amazon toward the Andes. The elevated AE recorded in May is linked to local biomass
burning events, particularly the combustion of agricultural residues from barley. In La Paz,
the AE exceeds 1.37; however, except for April, the AE in La Paz is consistently lower than
that observed in Huancayo.

Figure 5b presents the monthly variation in the AE for NB. In Huancayo, the AE
remains above 1.20 during all months, although it is always lower than the corresponding
AE for BB. Notably, in September, the AE NB exceeds 1.50, a result attributed to the presence
of mixed-type aerosols. With the increase in BB in September, the proportion of mixed-type
aerosols also rises [46]. In La Paz, as in Huancayo, the AE NB reaches its maximum value
in September for the reasons mentioned above. In both cities, the AE NB follows a similar
pattern of increase and decrease—with the exception of December, when the trend reverses
(an increase in AE NB in Huancayo and a decrease in La Paz). The behavior of the AE NB
in Huancayo is linked to the predominance of continental aerosols—a subgroup of NB—as
demonstrated by Estevan [21].

In both Huancayo and La Paz, fine-mode aerosols prevail. For biomass-burning
particles, in both cities, fine-mode aerosols predominate, since—as mentioned previously—
the AE for BB exceeds 1.250. Likewise, in the case of NB, fine particles also prevail because
their AE is generally above 1, with the exception of February in La Paz, where the AE
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measures 0.995. Moreover, in both cities the SD of BB is lower than that of NB, indicating a
greater heterogeneity in the latter.
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Figure 5. Variations in AE: (a) monthly BB, (b) monthly NB, (¢) multiannual BB, (d) multiannual NB.

Pérez-Ramirez [16] demonstrate that the average AE during the biomass burning sea-
son and the non-biomass burning season in Rio Branco (Brazil) is 1.67 and 0.84, respectively.
In La Paz, during the same periods, the AE values are 0.95 and 0.84. These values are lower
than those obtained in the present study, a difference attributed to the increased incidence
of biomass burning in the Amazon and the Andes.

Figure 5c illustrates the interannual variation in the AE for BB. In Huancayo, AE
values exceed 1.55, reaching a maximum in 2015. In La Paz, the AE remains above 1.440,
with its highest value recorded in 2020. In contrast, Figure 5d presents the interannual
variation in the AE for NB. In Huancayo, the AE exceeds 1.250, with its highest value also
in 2015, whereas in La Paz it reaches values above 0.915, attaining a maximum in 2019. In
both cities, the AE NB is at its lowest in 2017, suggesting that the particle size of NB was
larger during that year compared to others.

It is important to note that the SD of BB is lower than that of NB, implying a reduced
variability in their atmospheric behavior.

The AE BB is greater than the AE NB in both cities. It is important to note that in
Huancayo, both the AE BB and AE NB exceed those recorded in La Paz for all years and
months, except in April, when the AE BB reaches significantly higher values. This behavior
is attributed to the fact that the Eastern Cordillera of the Andes, located north of Huancayo,
is at a lower altitude than the Cordillera Real, which is situated east of La Paz. This
topographic difference facilitates the transport of a greater amount of fine-mode aerosols to
Huancayo compared to La Paz. During the months of July, August, and September, winds
predominantly originate from the north and northeast towards the Mantaro Valley [21],



Atmosphere 2025, 16, 1240

14 of 23

_o_
~
[&)]

ASY_440 nm

=}
3
o

ASY_440 nm

(@)

thereby transporting the aerosols generated in the Amazon. It should be noted that during
this period there is an increased incidence of biomass burning, as evidenced in Table 3.

3.6. Asymmetry Parameter in Huancayo and La Paz

The ASY quantifies the angular distribution of solar radiation scattering upon interac-
tion with aerosol particles. ASY values range from —1 (indicating completely backscattered
light) to +1 (indicating completely forward-scattered light), with a value of zero represent-
ing symmetric scattering. The ASY depends on both the size and composition of aerosols
and is a crucial parameter influencing radiative forcing [50,51].

Figure 6a presents the monthly variation in the ASY for BB in the cities of Huancayo
and La Paz. In Huancayo, during January, February, April, May, and December, the ASY
exceeds 0.7, indicating a predominance of forward scattering. In January, February, April,
and December, this behavior is attributed to the fact that the AE is lower compared to
other periods (see Figure 5a). However, in May, the ASY reaches its maximum value,
despite that month also recording the highest AE. This is because a minority fraction
of coarse-mode particles exerts a significant impact on the ASY by greatly increasing its
value through highly directional scattering, without substantially affecting the overall AE
value [52]. According to Estevan [21], ASY values typically range between 0.65 and 0.7; it is
noteworthy that the results obtained in the present study are similar to those reported by
these authors. No data for ASY BB in March are available for Huancayo. In La Paz, ASY BB
reaches its highest values in February (0.709) and December (0.736), for reasons analogous
to those observed in Huancayo. Between June and December, ASY BB in La Paz is higher
than in Huancayo, owing to the higher AE observed in Huancayo as compared to La Paz,

as shown in Figure 5a.
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Figure 6. Variations in ASY: (a) monthly BB, (b) monthly NB, (c) multiannual BB, (d) multiannual NB.
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Figure 6b displays the monthly variation in the ASY for NB in Huancayo and La Paz.
In Huancayo, the ASY NB averages around 0.67, reaching its maximum value in February
(0.695). In La Paz, the ASY NB averages about 0.70, attaining its maximum in March
(0.735). It is evident that the ASY NB in La Paz is greater in every month than in Huancayo,
indicating that NB in La Paz scatter radiation more efficiently in the forward direction.

Figure 6¢ presents the interannual variation in ASY for BB in the cities of Huancayo
and La Paz. In both cities, the highest ASY BB values are recorded in 2017 and 2021. It is
noteworthy that, in every year, ASY BB in Huancayo is lower than that observed in La Paz,
which is attributed to the greater presence of smaller particles (i.e., higher AE values) in
Huancayo compared to La Paz.

Figure 6d illustrates the interannual ASY for NB. In both cities, NB ASY peaks in
2016, and La Paz again demonstrates higher values than Huancayo. Pérez-Ramirez [16]
reported an ASY of 0.68 for La Paz—below the values observed here—underscoring the
strong temporal variability in aerosol properties (Table 6).

3.7. Single Scattering Albedo in Huancayo and La Paz

The SSA is defined as the ratio between the scattering and extinction coefficients,
constituting a key parameter in the interaction between aerosols and radiation. Additionally,
the SSA significantly determines both the magnitude and the sign of aerosol radiative
forcing [53]. SSA values can range from 0 (pure absorber) to 1 (pure scatterer) [54]. The
calculation of SSA is only possible when the AOD exceeds 0.4, under clear-sky conditions
and when the scattering angle is greater than 50° [55]; therefore, for those months and years
in which the AOD does not exceed 0.4, no SSA data are available in AERONET.

Only the biomass AOD (AOD BB) surpasses this threshold, so the analysis of SSA was
conducted exclusively for this aerosol type, while the analysis of non-biomass-burning
aerosols (NB) was discarded due to the lack of available data. In this investigation, neither
numerical models nor satellite data have been used to substitute for the missing AERONET
data. As mentioned in Section 3.1, SSA is an extremely sensitive parameter in the calculation
of aerosol radiative forcing; a change of merely 0.1 in its value can shift the aerosol radiative
effect from negative to positive [53]. This high sensitivity underscores the importance
of determining the SSA with great precision, a level of accuracy that cannot be achieved
through numerical simulations or satellite data.

Figure 7a shows the monthly variation in SSA. In Huancayo, a continuous increase is
observed from July (0.939) until September (0.956), reaching its maximum in November
(0.970). Although, in general, an increase in BB should decrease SSA—since these aerosols
are good absorbers [56-58]—changes in the internal structure of the aerosols cause the
SSA to increase, thereby mitigating the expected enhancement in absorption that would
typically accompany an increase in BB. In Huancayo, the rise in SSA between July and
September coincides with the increase in BB, indicating that in these aerosols the scattering
process predominates over absorption.

It should be noted that, for the reasons mentioned above, no SSA data are available
from January to June nor in October. In La Paz, only a single value is recorded in September,
with an SSA of 0.916.

Figure 7b illustrates the interannual variation in SSA. In Huancayo, the maximum SSA
value (0.971) was recorded in 2019, while the minimum (0.935) occurred in 2020. In La Paz,
only one value is available, 0.916.

The high SSA values recorded in both cities, in both the monthly and interannual
analyses, indicate that the aerosols are predominantly scattering. It is important to note
that the ASY for BB in Huancayo is higher than that in La Paz. During the periods for
which SSA data are available (September and 2020), the SSA in La Paz is lower than that
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in Huancayo; this result indicates that, in La Paz, there is greater absorption of radiation
compared to Huancayo. Pérez-Ramirez [16] obtained an SSA value of 0.87 in La Paz, a
value lower than that recorded in the present investigation. This difference is attributed to
the study period, as the presence of aerosols varies from year to year, as shown in Table 6.
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Figure 7. Variations in SSA: (a) monthly BB and (b) multiannual BB.

3.8. Aresol Radiative Forcing in Huancayo and La Paz

The impact of aerosols on climate is quantified in terms of ARF. The energy balance
of the Earth-Atmosphere system is altered when aerosols, which possess different phys-
ical and optical properties, scatter or absorb electromagnetic radiation. The interaction
between radiation and aerosols modifies the radiative balance at the surface, at the top of
the atmosphere (TOA), and within the atmosphere, thereby influencing the rate of atmo-
spheric warming [59]. Positive ARF values indicate a warming effect, whereas negative
values denote a cooling effect [8]. It should be noted that radiative forcing was calculated
only for the periods during which SSA data were available, for the reasons explained
in Sections 2.2.1 and 3.7.

Figure 8a displays the monthly variation in ARF for BB in Huancayo. At the top of the
atmosphere, the ARF is positive in every month, indicating warming due to the backscat-
tering of solar radiation by BB. These carbonaceous aerosols are efficient both as absorbers
and scatterers. The highest ARF at the TOA is recorded in November (16.435 W-m™2),
primarily due to the elevated AOD values observed in that month (even though the AOD
in November is only slightly lower than that in September by 0.006, as shown in Figure 4a.
Another determining factor is the SSA, which reaches its maximum in November. A shift
in the SSA value by as little as 0.1 can alter the aerosol radiative effect from negative to
positive, depending on the albedo of the underlying surface [53]. The lowest ARF values at
the TOA are observed in July (14.024 W-m~2) and August (14.047 W-m~2), as during these
months the AOD values are lower than those recorded in September and, furthermore, the
SSA values (see Figure 7a) are also lower compared to those in September and November.

At the bottom of the atmosphere (BOA), the ARF reaches its most negative value in
November (-18.623 W-m~2), owing to the high AOD recorded in that month. This leads
to an increased extinction of solar radiation, thereby reducing the amount of radiation
that reaches the Earth’s surface and generating a cooling effect. Within the atmosphere
(ATM), the highest ARF is also recorded in November (35.058 W-m~?2). The solar radiation
passing through the atmosphere is absorbed by BB, resulting in a warming effect within
the atmospheric column.
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Figure 8. Variations in BB ARF: (a) monthly in Huancayo, (b) monthly in La Paz, (c) multiannual in
Huancayo, (d) multiannual in La Paz. Bright yellow, light brown, and light blue denote ARF at the
top of the atmosphere (TOA), bottom of the atmosphere (BOA), and within the atmospheric column
(ATM), respectively.

Figure 8b shows the monthly variation in the ARF for BB in La Paz. Only results for
September are available, as that is the only month for which SSA data exist (see Figure 7a).
In that month, the ARF values at the top of the atmosphere (TOA), at the bottom of the
atmosphere (BOA), and within the atmosphere (ATM) are, respectively, 15.162 W-m~2,
-17.5167 W-m~2, and 32.728 W-m 2.

Figure 8a,b permit a direct comparison of September ARF between La Paz and
Huancayo. In La Paz, the ARF at the TOA (15.162 W-m~2) and within the ATM
(32.729 W-m~2) is slightly higher than that observed in Huancayo (14.789 W-m~2 at the
TOA and 32.482 W-m~2 within the ATM). Conversely, at the BOA the ARF in Huancayo
is =17.693 W-m~2, which is slightly lower than that registered in La Paz (-17.567 W-m~2).
This result is attributed to the fact that, in September, the ASY in La Paz is higher than in
Huancayo (see Figure 6a); this permits a greater amount of radiation to reach the Earth’s
surface, thereby reducing the cooling effect. Overall, these findings indicate that in La Paz
the warming effect at the TOA and within the ATM is slightly greater than in Huancayo,
whereas at the BOA the cooling effect is more pronounced in Huancayo than in La Paz.

Figure 8c displays the interannual variation of ARF for BB in Huancayo. In 2019, the
highest ARF values are recorded at the TOA (13.621 W-m~2), at the BOA (~16.486 W-m~2),
and within the ATM (30.107 W-m~2), which is attributable to the high AOD values ob-
served, as shown in Figure 4c. In contrast, the lowest ARF values are recorded in 2015,
corresponding to low AOD values.



Atmosphere 2025, 16, 1240

18 of 23

Figure 8d displays the interannual variation in ARF for BB in La Paz; results are
available only for the year 2020, for which the ARF values at the TOA, BOA, and ATM are,
respectively, 13.144 W-m~2,-16.200 W-m~2, and 29.344 W-m~2.

Figure 8c,d permit a direct comparison in 2020 ARF between La Paz and Huan-
cayo. It is observed that, in La Paz, the ARF at the TOA (13.144 W-m_2) and in the
ATM (29.344 W-m~2) is slightly higher than that in Huancayo (12.945 W-m~2 at the
TOA and 29.343 W-m~2 in the ATM). Conversely, at the BOA the ARF in Huancayo
is —16.398 W-m 2, which is slightly lower (i.e., more negative) than the value recorded in
La Paz (-16.200 W-m~2). Together, these findings indicate that although La Paz exhibits a
slightly greater warming effect at the TOA and within the ATM, Huancayo shows a cooling
effect of greater magnitude at the BOA. These differences can be attributed to the same
factors observed in the monthly analysis.

4. Discussion

In this study, we characterize the optical properties of BB and NB aerosols in two
high-altitude Andean cities—Huancayo and La Paz—and quantify the radiative forcing
attributable solely to BB aerosols. This work is the first of its kind in South America
at elevations above 3000 m a.s.l., compared with previous investigations in Dungri and
Srinagar (both below 2000 m a.s.l.) and in Skardu (2680 m a.s.l.) in the Himalaya [60-62].

Huancayo consistently exhibits higher AE BB values than La Paz (except in April), indi-
cating a larger fraction of fine-mode particles transported to Huancayo, particularly during
July-September when northerly and northeasterly winds advect Amazonian emissions
coincident with peak biomass-burning activity [21].

Topography explains much of this pattern: the Eastern Cordillera north of Huancayo
is lower in elevation than the Cordillera Real east of La Paz, which facilitates ingress
and mixing of fine aerosols into Huancayo, whereas La Paz receives relatively less direct
Amazonian input.

The lower ASY BB in Huancayo relative to La Paz is consistent with a higher fine-mode
fraction (higher AE) in Huancayo.

High SSA in both cities indicates that scattering dominates the direct radiative effect;
nevertheless, the relative SSA differences between the cities imply variations in optical
properties that may modify the local radiative balance.

One major limitation was the scarce availability of single scattering albedo (SSA) data
in La Paz (Section 3.7). We avoided using model outputs or satellite-derived estimates to
fill SSA gaps because SSA’s high sensitivity—where a 0.1 change can substantially alter
atmospheric radiative forcing (ARF) or even reverse its sign [53]—would compromise our
results. Furthermore, satellite retrievals demand validation against ground-based networks
(e.g., AERONET); Rojas [19] reported insufficient correlations in La Paz between MODIS
and AERONET (Terra~AERONET: r = 0.190; Aqua—AERONET: r = 0.139), precluding their
unvalidated use.

Our results demonstrate that AOD and SSA are the primary optical parameters control-
ling ARF in both cities, whereas the ASY plays a clearly secondary role. Temporal variations
in AOD and SSA explain the intercity differences in ARF. In absolute magnitude, La Paz
exhibits slightly higher ARF at the top of atmosphere (TOA) and within the atmosphere
(ATM), while Huancayo shows greater ARF at the bottom of atmosphere (BOA).

We further show that BB aerosol-induced AREF is positive at the TOA, negative at
the BOA, and positive again in the ATM. This forcing pattern aligns with Tiwary [60] in
Dungri (1800 m a.s.l.) using SBDART, although the magnitudes differ markedly. Similarly,
Ahmad [61] reported positive TOA and ATM ARF and negative BOA ARF in Srinagar



Atmosphere 2025, 16, 1240

19 of 23

(1600 m a.s.l.), whereas Zeb [62] observed negative TOA and BOA ARF and positive ATM
ARF in Skardu (2680 m a.s.l.), also via SBDART.

These discrepancies underscore the substantial variability of aerosol radiative forcing
in high-mountain regions and highlight the urgent need for additional in situ studies to
refine our understanding of their impacts on regional energy balance and climate change.

5. Conclusions

The optical properties of both BB and NB were characterized, and the effect of BB on
aerosol radiative forcing (ARF) was determined for the high Andean cities of Huancayo
and La Paz over the period 2015-2021.

The majority of BB were generated in September in both cities due to an increase in
biomass burning, which caused the AOD BB to reach its highest values during that month.
It is noteworthy that the AOD for NB also peaked in September. Moreover, the AOD BB is
considerably higher than the AOD NB, indicating that the variability of the AOD in both
cities is predominantly governed by BB aerosols.

In both cities, fine mode aerosols predominate, as reflected by elevated AE values. The
AE for BB is higher than that for NB in both cities. It is important to note that, in Huancayo,
the AE—whether for BB or NB—is greater than in La Paz for all years and months, except in
April when the AE for BB in La Paz surpasses that in Huancayo. This behavior is attributed
to the fact that the Eastern Cordillera of the Andes, located to the north of Huancayo, is at a
lower altitude than the Cordillera Real, situated to the east of La Paz. The lower altitude of
the Eastern Cordillera facilitates the transport of a larger number of fine-mode aerosols to
Huancayo, thereby resulting in higher AE values compared with La Paz.

Regarding the interannual variability of the ASY, both the ASY for BB and the ASY for
NB are higher in La Paz than in Huancayo, indicating that aerosols in La Paz are larger and,
consequently, possess a greater capacity to generate direct (i.e., forward) scattering. With
respect to the SSA, both cities exhibit values on the order of 0.95, with Huancayo showing
slightly higher SSA than La Paz during September. The fact that the SSA is approximately
0.9 indicates that scattering predominates over absorption in both cities.

The variation in ARF was calculated exclusively for BB. ARF is determined primarily
by the AOD and, to a lesser extent, by the SSA and ASY. Consequently, BB are the main
contributors to the impact of aerosols on climate change, given that they exhibit both
scattering and absorbing properties. It is noteworthy that in both cities the ARF at the top of
the atmosphere (TOA) and within the atmosphere (ATM) is positive—indicating a warming
effect—whereas at the bottom of the atmosphere (BOA) the ARF is negative, producing a
cooling effect. In Huancayo, a substantial increase in the ARF of BB was observed between
2015 and 2019, although there was a slight decrease in 2020.

To mitigate the impact of aerosols on climate change, it is imperative to implement
policies that dramatically reduce biomass burning in both the Amazon and the Andes.
Without comprehensive environmental education in all Andean and Amazonian communi-
ties, biomass burning will regrettably persist, thereby exacerbating climate change. It is
essential to emphasize that the expansion of agriculture and livestock production, along
with illicit activities such as logging, cocaine production, and illegal mining, constitute
the primary sources of biomass (BB) aerosol emissions. We reiterate that, despite data
limitations, this study offers valuable insights for the data-sparse high-mountain region.
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Abbreviations

The following abbreviations are used in this manuscript:

AERONET  AErosol RObotic NETwork

AE Angstrém exponent

ARF aerosol radiative forcing

ASY asymmetry parameter

AOD aerosol optical depth

BB biomass-burning aerosol (BB)

NB non-biomass-burning aerosol (NB)

NFF number of forest fire events

PM10 concentration of particulate matter with aerodynamic diameter less than 10 um
SSA single-scattering albedo
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