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A B S T R A C T

Measurements of absorption optical properties (σap,λ, AAE) and PM10 concentrations were conducted near the 
rice fields of L’Albufera Natural Park (Eastern Spain) with the aim of assessing light absorption by secondary BrC 
generated from the burning of rice straw residues. Sampling was performed in autumn 2023. The measurement 
period was divided into three sub-periods (P1, P2 and P3) depending on the number of burning spots and the 
prevailing weather conditions. P2 was the period most affected by biomass burning (BB) events. During this 
period, hourly values of σap,λ and AAE were above 100 Mm− 1 and 2.0 and BrC absorption was higher than BC 
absorption in the UV spectral range. Secondary BrC concentrations were estimated using the EC-tracer method, 
and the R-squared (MRS) and 25 % percentile (P25) approaches were applied to the determination of (σap,λ/ 
BC880)pri. Secondary BrC concentrations calculated by the P25 method were significantly higher than those 
obtained by the MRS approach for P2, which lead to σBrC-SEC values four times higher when the P25 method was 
used. The differences in the results obtained by both procedures were attributed to the formation of secondary 
BrC generated from the rapid oxidation of semi-volatile organic aerosols emitted by BB. The contribution of this 
secondary BrC to light absorption by BrC at 370 nm was 47 % for P2.

1. Introduction

Biomass burning (BB) has been recognized as a major source of 
aerosols due to the emission of gaseous precursors and particulate pol
lutants into the atmosphere (Koppmann et al., 2005). As a consequence, 
BB has significant impacts on regional and local air quality (Chen et al., 
2017), as well as on public health (Sigsgaard et al., 2015; Van Den 
Heuvel et al., 2018). On the other hand, the combustion of wood and 
crop residues in rural areas emits large quantities of light-absorbing 
carbonaceous aerosols, such as black carbon (BC) and brown carbon 
(BrC; i.e., light-absorbing organic carbon) (Chakrabarty et al., 2010), 
thereby affecting the Earth’s radiation budget (Bond et al., 2013). In 
fact, the most important primary source of BrC is BB (Washenfelder 
et al., 2015; Zhang et al., 2020). BrC can also be formed via oxidation of 
volatile organic compounds or transformation of primary BrC during 
ageing processes in the atmosphere, and hence may be secondary in 
nature (Gilardoni et al., 2016; Laskin et al., 2015). The global contri
bution of BrC to radiative forcing is +0.25 W m− 2 or 19 % of the 

absorption by anthropogenic aerosols (Feng et al., 2013). For aged 
aerosols, when the absorptivity is analysed in terms of MAE (Mass Ab
sorption Efficiency), secondary organic aerosols (SOA) typically show 
low absorptivity values. Nevertheless, previous studies have reported 
that secondary BrC can be more absorptive at short visible wavelengths 
than primary BrC (Saleh et al., 2013). Therefore, secondary BrC may be 
an important contributor to the global radiative forcing budget.

Different approaches have been used in order to determine the ab
sorption coefficient of secondary BrC (σBrC-SEC). The elemental carbon 
(EC) tracer method (Turpin and Huntzicker, 1995) can be used as an 
initial approach for calculating σBrC-SEC. This method requires the 
determination of the ratio of the primary particle’s absorption to the BC 
mass concentration from combustion sources. Different methodologies 
can be used to quantify σBrC-SEC depending on the way to estimate this 
ratio. Two of the most common techniques are the Minimum-R squared 
(MRS) method (Wang et al., 2019), and the use of the lower percentiles 
of the OC/EC data (Kaskaoutis et al., 2020; Sheoran et al., 2021). The 
first approach produces robust results, but it may significantly 
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underestimate SOC (or secondary BrC) levels in environments highly 
affected by BB emissions (Kaskaoutis et al., 2020), whereas the second 
leads to an overestimation of σBrC,λ-SEC because a significant fraction of 
the SOC obtained by this method corresponds to primary BB emissions 
(Kaskaoutis et al., 2020).

The main objective of this study is to quantify light absorption by 
secondary BrC from BB emissions. For that purpose, the sampling site 
was located near the rice fields of L’Albufera Natural Park (eastern 
Spain), where massive burning of rice straw occurs in early autumn each 
year. A comparative estimation of secondary BrC levels by the EC-tracer 
method using the two approaches previously mentioned was also 
performed.

2. Experimental

2.1. Sampling site

The study area (L’Albufera Natural Park-ANP) is situated in the re
gion of Valencia (eastern Spain) and extends over an area of approxi
mately 21,000 ha. The ANP is one of the most important wetlands in 
Southern Europe (Torregrosa et al., 2021). This area contains a coastal 
pine forest and a lagoon surrounded by rice fields, which are the main 
agricultural crop with a production of 116,925 t and a surface of 15,087 
ha (Food and Agriculture Organization of the United Nations, 2018). 
The ANP is surrounded by several urban areas. The delimitations be
tween the rice crop areas and the urban locations can be seen in Tor
regrosa et al. (2021).

The ANP has a mild Mediterranean climate, with an annual average 
humidity of 65 % and an average temperature of 18 ◦C. Precipitation 
usually occurs in autumn, with an average annual value of 450 mm, 
although during the study period no precipitation was recorded. The 
valley is dominated by sea-breeze circulations during warm periods 
(Pérez-Landa et al., 2007).

The monitoring site (− 0.319 W, 39.315 N) was located inside the 
ANP, to the south of the lake (Fig. 1), approximately 10 km from the city 
of Valencia.

In 1990, the ANP was designated as a Ramsar Site in the list of 
wetlands of international importance for birds and it is considered a 
Special Protection Area since 1991.

2.2. Characterization of rice straw burning

The controlled burning of rice straw is carried out through the 
monitoring program QUEPAR (https://www.ceam.es/ceamet/QUEPAR 
/web/APP_QUEPAR.htm) that forecasts the favourable/unfavourable 
dispersive conditions 24 h before the start of agricultural residue 
burning, minimizing the potential impact on major population centres. 
Favourable dispersion conditions occur when the wind blows towards 
the sea. This situation is associated with the predominance of local or 
regional winds, such as sea breezes. On the other hand, a requirement 
that must be addressed is that no thermal inversion is detected. By 
means of a mobile phone application, farmers must register at the 
moment of starting straw burning, always under appropriate environ
mental conditions, leaving a record of the time and plot (coordinates and 
extension) burned.

The burning period was from 06/10/2023 to 23/11/2023. During 
this period, biomass burning occurred on 32 days. Fig. 2 shows the 
number of burning episodes (N) and the surface burned.

A total of 709 burning episodes were identified, most of them be
tween 16 and 20 October (~75 %). During this period, more than 3600 t 
of rice straw were burned. A high number of burning events also 
occurred between 23 and 30 October (although they were noticeably 
lower). Less than 10 episodes per day were occasionally identified the 
remaining days.

Burning episodes usually started early in the morning (08:00–10:00 
h) and continued until early afternoon. However, the days with the 
highest number of burning episodes (N > 50), fires continued until 

Fig. 1. Location of the sampling site, the rice fields and the nearby urban areas.

Fig. 2. Number of burning spots and surface burned each day of the 
study period.
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21:00–22:00 h. As an example, Fig. S1 (supplementary material) shows 
the location of the fire spots for the day with the highest number of 
burning events (18/10/23). In general, the highest number of burning 
events occurred to the south-west of the sampling site.

On days with a low number of burning events, the detection of 
burning emissions at the sampling site depended on the meteorological 
conditions (mainly wind speed and direction) and the distance to the 
fires. However, on days with a large number of burning spots around the 
sampling site (for instance 18/10/23, Fig. S1), biomass burning emis
sions had a significant impact at the measurement site.

2.3. Measurement of light absorption properties

To determine the light absorption by atmospheric aerosols (σap,λ), an 
Aethalometer model AE33 (Magee Scientific, USA) was used. Initially, 
the AE33 provides light attenuation values of the particulate matter 
accumulated on a mobile filter at seven different wavelengths ranging 
from UV to IR: 370, 470, 520, 590, 660, 880, and 950 nm. However, the 
obtained attenuation value is higher than the actual absorption due to 
the multiple scattering effect of filter fibres and increased particle 
loading on the filter. To correct this effect, a factor depending on the 
filter type was used, which in this case was 1.76 (Savadkoohi et al., 
2023). Absorption measurements were performed for approximately 
one month in 2023, from the beginning of the burning season until early 
November. The instrument operated at a constant airflow rate of 5 
l⋅min− 1. The temporal resolution was 1 min. Hourly and daily averages 
of σap were calculated from these data.

The Absorption Angstrom Exponent (AAE) was obtained using a log- 
linear regression approach (Schuster et al., 2006).

To calculate the contributions of biomass burning (BCBB) and fossil 
fuel combustion (BCFF) to BC emissions, the method developed by 
Sandradewi et al. (2008) was used.

The procedures applied to estimate the different contributions to 
σap,λ: absorption by BC (σBC,λ), BrC (σBrC,λ) and secondary BrC (σBrC,λ-SEC) 
are described in the next section.

2.4. Estimation of the contributions to σap,λ

In order to calculate the different contributions to σap, it has to be 
assumed that BrC and BC are the only absorbing aerosols. However, 
during the measurement period, a Saharan dust event (SDE) occurred 
between 14/10/23 and 18/10/23. This event, which had a limited 
impact at the study area based on the mineral dust load, is illustrated in 
the supplementary material (Fig. S2). Therefore, the total absorbed ra
diation was corrected by subtracting the contribution due to mineral 
dust (σDust,λ) during this event.

2.4.1. Determination of σDust,λ
Considering that the total absorption coefficient (σap,λ) is divided 

into 3 components: σBC,λ, σBrC,λ and σDust,λ (Eq. (1)): 

σap,λ = σBC,λ + σBrC,λ + σDust,λ (1) 

the approximate contribution of mineral dust to light absorption can 
be obtained from MAEDust,λ values and mineral dust concentration ac
cording to Eq. (2): 

σDust,λ = [CDust ] ×MAEDust,λ (2) 

MAEDust,λ values were calculated using the data from Caponi et al. 
(2017) for PM10.6. The values obtained were: 0.097, 0.063, 0.042, 0.031 
and 0.023 m2⋅g− 1 at 370, 470, 520, 590 and 660 nm, respectively. Dust 
concentrations [CDust] were estimated using the equation proposed by 
Guinot et al. (2007) (Eq. (3)), since no data on Al and Si concentrations 
were available in this study: 

[CDust] =
[
nss − Ca+2]/f (3) 

where [nss-Ca+2] is the non-sea salt soluble calcium and the coefficient f 
represents the abundance of soluble calcium in mineral dust. In the 
present work, the factor of 0.11 determined by Galindo et al. (2020) for 
intrusion days was applied. Total calcium concentrations measured by 
ED-XRF were used, which provide an upper limit for mineral dust ab
sorption. The daily σDust during intrusion days did not exceed 6 % of the 
σap at 370 nm, indicating a limited influence of mineral dust on the 
absorption process. The values of σDust,λ (Table S1 of the supplementary 
material) were subtracted from the total absorption coefficient during 
this period.

2.4.2. Determination of σBC,λ and σBrC,λ
Once the mineral dust absorption was removed, the absorption co

efficient can be written as: 

σap,λ = σBC,λ + σBrC,λ (4) 

The methodology described by Kaskaoutis et al. (2021), called the 
BrC model, was used to determine the contribution from BrC to light 
absorption. This approach assumes that BC is the only absorbing 
component at 880 nm and that its spectral dependence for the other 
wavelengths follows a λ− 1 function. The contribution of BrC for each 
wavelength was subsequently estimated using Eq. (4) from the differ
ences between σap,λ and σBC,λ values. This procedure has been widely 
used to determine the value of σBrC,λ from Aethalometer measurements 
(Nicolás et al., 2018; Gilardoni et al., 2020; Pani et al., 2021). The un
certainty in the estimated absorption coefficients of BC and BrC using 
this methodology is 25 % (Park et al., 2018).

2.4.3. Procedures to quantify σBrC,λ-SEC
Two different procedures were used to calculate σBrC,λ-SEC. Both are 

commonly used to determine the mass concentration of secondary 
organic carbon (SOC) and are based on the EC tracer approach, which 
requires a prior estimation of the ratio of primary OC to EC (OC/EC)pri. 
The two methods differ in the determination of this ratio. When applied 
to the estimation of the light absorption by SOC, the equivalent ratio to 
be obtained is (σap,λ/BC880)pri, which is the ratio of the primary particle’s 
light absorption to the BC mass concentration from combustion sources.

a) Minimum-R squared (MRS) method: The absorption by BrC is 
calculated using Eq. (5) (BC tracer approach) assuming a negligible ef
fect of primary biogenic BrC. 

σBrC,λ− SEC = σap,λ −
(
σap,λ

/
BC880

)

pri × [BC880] (5) 

The determination of (σap,λ/BC880)pri using the MRS method is 
described in detail in Wang et al. (2019). This method is based on the 
assumption that SOC is inherently unrelated to EC and thus the esti
mated absorption by BrCSEC must not be correlated with BC880 (R2 ~ 0) 
(Kaskaoutis et al., 2021). Briefly, arbitrary values for (σap,λ/BC880)pri 
from 0 up to a maximum value of 60 with an increment of 0.1 were 
employed, and a series of coefficients of determination (R2) were then 
calculated. The optimal ratio was defined as that which provided the 
minimum R2 value, indicating that BrC was not from primary sources 
but from ageing processes.

This methodology has been widely used in the literature (Wang et al., 
2019; Liakakou et al., 2020; Zhu et al., 2021; Gao et al., 2022; Xu et al., 
2024). However, as previously mentioned, σBrC,λ-SEC obtained by this 
procedure is underestimated, especially in environments highly 
impacted by BB aerosols (Kaskaoutis et al., 2021). The reason is that this 
method considers the fraction of σBrC,λ-SEC that is not correlated with BC, 
but not the fraction of BrC absorption due to secondary organic aerosols 
formed from the rapid oxidation of precursors co-emitted with BC dur
ing biomass combustion (Wu et al., 2019). The bias of the MRS results is 
generally below 23 % when the measurement uncertainty is within 20 % 
(Wu and Yu, 2016).

b) The Percentile method: This method is based on the use of the 
lower percentiles (5–25 %) of the σap,λ/BC data to calculate the (σap,λ/ 
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BC880)pri ratio. In the present work, the 25th percentile was used and 
σBrC,λ-SEC was subsequently estimated from Eq. (8). In environments 
impacted by BB, the (OC/EC)pri is mostly related to vehicular emissions. 
Therefore, σBrC,λ-SEC obtained by the percentile method would corre
spond to an amount with a significant influence from primary BB 
emissions, leading to an overestimation of σBrC,λ-SEC (Kaskaoutis et al., 
2020).

The difference between σBrC,λ-SEC estimated by both methods can be 
attributed to light absorption by secondary organic aerosols generated 
from the rapid oxidation of precursors emitted from both fossil fuel 
combustion and BB (Wu et al., 2019; Kaskaoutis et al., 2020). Therefore, 
this difference could be used to estimate the absorption by secondary 
BrC related to emissions produced during biomass combustion.

In this study, the primary ratios were estimated separately for day- 
time (08:00 h–20:00 h) and night-time (21:00 h–07:00 h).

2.5. PM10 sampling and analysis

PM10 daily sampling was carried out between 6 October and 1 
November by means of an MCV high volume sampler (30 m3⋅h− 1). A 
total of 27 samples were collected onto 150-mm quartz fibre filters (MK 
360, Ahlstrom) during the measurement campaign. Mass concentrations 
were determined gravimetrically using a Mettler-Toledo model XP105 
analytical balance with 10 μg sensitivity. Filters were kept in controlled 
conditions (20 ± 1 ◦C and 50 ± 5 % relative humidity) for at least 24-h 
and weighted in quadruplicate before and after sampling. Filters were 
stored in the fridge at 4 ◦C until chemical analyses.

Although the study of PM10 chemical composition during biomass 
burning episodes is not an objective of this work, some PM10 compo
nents were analysed because they are tracers of biomass burning emis
sions (e.g. levoglucosan) and Saharan dust outbreaks (e.g. titanium, 
Galindo et al., 2018) (Fig. S2). On the other hand, calcium concentra
tions were used to estimate the concentration of mineral dust as 
described in Section 2.4.1. Therefore, PM10 samples were analysed by 
energy dispersive X-ray fluorescence (ED-XRF) for major and trace ele
ments, and by high performance anion exchange chromatography with 
pulsed amperometric detection (HPAEC-PAD) to determine the levo
glucosan content. In the elemental analysis, minimum detection limits 
(MDLs) were determined as described in Giannoni et al., 2015. For 
levoglucosan, MDLs were calculated as 2σ.

The elemental composition of PM10 samples was determined by 
means of an ARL Quant’x Spectrometer (Thermo Fisher Scientific, UK) 
with a Si(Li) detector. A detailed description of the analytical technique 
can be found elsewhere (Chiari et al., 2018).

The analysis of levoglucosan was performed by means of a Thermo 
Scientific Dionex Integrion system equipped with an electrochemical 
detector and a Dionex Carbopac PA10 analytical column (250 × 4 mm). 
NaOH was used as a carrier solvent at a flow rate of 0.5 ml min− 1. The 
gradient was: 18 mM (0–2 min), 200 mM (2–9 min; column cleaning), 
18 mM (9–29 min; equilibration). For the amperometric detection a gold 
working electrode was used.

Summary statistics of PM10 components, are presented in Table S2 
(supplementary material).

3. Results and discussions

3.1. Impact of rice straw burning on optical absorption properties (OAP)

The hourly and daily evolution of σap,370 and AAE from the beginning 
of the biomass burning period until 27 October is shown in Fig. 3. The 
study of aerosol optical properties was extended until 27 October. After 
that date, burning episodes were sporadic.

At the beginning of the measurement period, daily values of σap,370 
oscillated between 10 and 20 Mm− 1, while AAE values were below 1.3. 
During these days, occasional burning of rice straw in the fields sur
rounding the sampling site occurred. AAE and σap,370 values increased 

significantly between 16 and 19 October due to the occurrence of 
intense burning events. Values higher than 2.0 for AAE and 100 Mm− 1 

for σap,370 were observed. From 20 October onwards the absorption 
coefficient decreased, despite there were some burning events. Although 
AAE values also decreased, they were slightly higher than those recor
ded on the first days of the measurement period, suggesting a greater 
contribution from the BB source. This high variability can be attributed 
to changes in meteorological conditions. During the first ten days of the 
study period the dominant weather pattern corresponded to an anticy
clonic situation, characterized by atmospheric stability and local winds. 
From 20 October strong winds coming from the Atlantic (west direction, 
270◦) induced a sweeping effect, resulting in a significant decrease in 
PM levels (Fig. S2, supplementary material) and σap,λ. The remarkable 
reduction in PM10 concentrations was also observed between 23 and 27 
October, when some burning events occurred, as already mentioned. 
The synoptic meteorological conditions for a day at the beginning and 
end of the measurement period are shown in Fig. S3 (supplementary 
material). The days with the highest number of burning events, mete
orological conditions may be considered as transitional between the two 
periods.

Based on the differences between the predominant weather patterns 
and the number and intensity of burning events, the measurement 
period was divided into three sub-periods (Pi, Table 1). As clearly seen, 
OAP values were affected by the number of burning episodes and the 
prevailing meteorological conditions.

The highest values of OAP were registered during P2 due to the high 
number of burning events. During this period, the average solar radia
tion was lowest, most likely due to the smoke generated during rice 
straw burning. An increase of almost 15 μg⋅m− 3 in PM10 concentrations 
was observed between P1 and P2, similarly to the study by Viana et al. 
(2008). Although the number of burning episodes was significantly 

Fig. 3. Daily and hourly evolution of σap,λ and AAE during the study period.
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higher during P3 than during P1, the absorption coefficient was much 
lower due to the high wind speeds during this period (Fig. S3).

3.2. σBC,λ and σBrC,λ

3.2.1. Contribution of BrC to light absorption
The absorption coefficients of BC and BrC for the whole measure

ment period and for each sub-period are presented in Table 2.
The average contribution of BrC to total absorption at 370 nm was 

37.3 % and decreased to 3.6 % at 660 nm. During P1 and P3, the per
centage contributions at 370 nm were 17.6 % and 24.0 %, respectively. 
Unsurprisingly, during the period with the highest number of burning 
events the contribution of BrC to light absorption increased above 56 %. 
This value was slightly lower than that found in northern China (63 %, λ 
= 375 nm) during rice straw burning (Wang et al., 2020). During P2, the 
absorption by BrC was closely related to rice straw burning, as can be 
seen in Fig. 4. This figure shows the relationship between σBrC,370 and 
daily concentrations of levoglucosan, used as a tracer for BB.

The data corresponding to each sub-period can be clearly differen
tiated and demonstrate the relationship between absorption by BrC and 
levoglucosan levels.

Table 3 shows AAE values for BrC absorption averaged for the three 
sub-periods and the whole study period.

In general, AAEBrC values during BB events were higher than those 
recorded for ambient aerosols (Shen et al., 2017), since BB chromo
phores effectively absorb radiation in the shorter wavelength range. For 
this reason, the average AAE value (5.38) was higher than that obtained 
in the city of Elche (4.80), which is relatively close to the sampling site 
(López-Caravaca et al., 2024; Rovira et al., 2025). The highest AAEBrC 
value was obtained during the second period, most likely because P2 is 
the period that best characterized the BB environment. The average AAE 
value was slightly higher than that found in China (5.0 ± 0.1) during 
rice straw burning (Wang et al., 2020) and similar to that obtained 
during winter (5.5 ± 1.1) in the city of Ioannina (Grecce) under intense 
residential wood burning conditions (Paraskevopoulou et al., 2023).

3.3. Characterization of secondary BrC

Secondary BrC levels were estimated using the two methods 
described in Section 2.4.3 (MRS and P25). Since the relative contribu
tions of primary emission sources may vary depending on the period 
analysed, a different (σap,λ/BC880)prim ratio was determined for each sub- 
period (for both day and night).

The ratios (day-night) calculated using the MRS approach at 370 nm 
for each sub-period were: P1 (14.2–12.4 m2⋅g− 1), P2 (33.8–26.8 m2⋅g− 1) 
and P3 (13.6–13.8 m2⋅g− 1). An Igor-based program was used for the 
calculation of these ratios (Wu et al., 2018; Wu et al., 2023; Wu and Yu, 
2016). As an example, Fig. S4 shows how this ratio was calculated for 
night-time for P1. On the other hand, the values obtained at 370 nm 
using the P25 method, were: P1 (12.0–12.2 m2⋅g− 1), P2 (18.9–12.3 
m2⋅g− 1) and P3 (11.7–11.3 m2⋅g− 1). The values of σBrC,λ-SEC were sub
sequently estimated from both methods.

3.3.1. Hourly variation of secondary BrC
Daily patterns of σBrC,λ-SEC calculated by the P25 method (σBrC,λ-SEC- 

P25) at 370 nm during the three sub-periods are shown in Fig. 5.
During P1, less influenced by BB emissions than the other two periods 

(Table 1), the hourly absorption showed a peak around noon 
(10:00–14:00 h). The increase in solar radiation after sunrise promotes 
photochemical reactions that led to the formations of secondary BrC. 
The decrease in σBrC,λ-SEC from 15:00 h can be explained considering that 
light absorbing chromophores were bleached through oxidative pro
cesses (Wang et al., 2019).

In the second period (the most affected by BB emissions), the average 
absorption by secondary aerosols was very high during the day because 
burning episodes occurred during the morning and afternoon hours. The 
peak observed around midday was higher than in P1 because the BrC 
produced after the fast oxidation of BB precursors increased the total 
secondary BrC. The values of the absorption coefficient were high from 
early afternoon until evening (15:00–21:00 h) due to emissions during 
burning events (Fig. S1).

The values of σBrC,λ-SEC during P3 were influenced by the synoptic 
situation. Strong winds resulted in a reduction of PM10 levels (lower 

Table 1 
Mean values of OAP, meteorological parameters, number of burning events and 
PM10 concentrations during the three sub-periods.

P1 P2 P3

Date 06/10–15/10 16/10–19/10 20/10–27/10
N <3 123 21

Vwind (m⋅s− 1) 2.9 4.1 6.0
T (◦C) 21.3 22.1 19.0

RH (%) 86.6 75.5 65.9
SR (W⋅m− 2) 152.0 100.8 115.2

σap,370 (Mm− 1) 13.1 34.0 3.2
AAE370–950 1.22 1.78 1.27

%BB 16.5 38.4 21.4
PM10 (μg⋅m− 3) 24.3 38.2 6.3

N: average daily burnings for each period.

Table 2 
Mean values of σBC,λ and σBrC,λ (Mm− 1) for the overall study period and the three 
sub-periods.

Global P1 P2 P3

λ (nm) σBC σBrC σBC σBrC σBC σBrC σBC σBrC

370 8.26 4.76 10.76 2.30 13.68 17.54 2.43 0.76
440 6.95 2.11 9.05 1.56 11.50 6.26 2.05 0.33
520 5.88 1.21 7.66 0.95 9.73 3.03 1.73 0.16
590 5.61 0.59 6.75 0.45 8.57 1.28 1.53 0.06
660 4.63 0.17 6.03 0.15 7.67 0.62 1.36 0.03
880 3.47 4.52 5.75 1.02
950 3.22 4.20 5.32 0.95

Fig. 4. Daily variation of the contribution of BrC to light absorption at 370 nm 
as a function of levoglucosan concentration (ng⋅m− 3).

Table 3 
AAE values computed by a power-law fit of the ab
sorption coefficients of BrC.

AAEBrC (370–660 nm)

Global 5.38 ± 0.72
P1 4.46 ± 0.79
P2 5.68 ± 0.24
P3 5.20 ± 0.35
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than 7.0 μg⋅m− 3), thus affecting also BrC absorption (Table 2). The 
variability of σBrC,λ-SEC showed small maxima during the afternoon, 
maybe due to sporadic burning events.

3.3.2. Comparison of procedures for the quantification of σBrC,λ-SEC
Fig. 6a shows average values of σBrC,λ-SEC at 370 nm determined by 

both methods. For P1 and P3 the absorption coefficients calculated using 
the P25 method were slightly higher than those obtained by the MRS 
approach. In contrast, the difference between the values calculated by 
both methods were considerably higher for P2. This was due to the high 
number of burning events during this period, leading to an over
estimation of secondary BrC absorption by the P25 method and an un
derestimation of secondary BrC absorption by the MRS approach. 
Similar results were obtained in Ioannina (Grecee), a city highly 
impacted by wood combustion (Kaskaoutis et al., 2020). The average 
absorption coefficient of secondary BrC obtained by the P25 method 

(σBrC,λ-SEC-MRS = 2.68 Mm− 1) was almost three times higher than that 
calculated using the MRS approach (σBrC,λ-SEC-P25 = 0.84 Mm− 1).

On a percentage basis, the contribution of secondary BrC to total 
absorption calculated by the MRS method was 6.6 %, while this per
centage increased to 21 % when it was calculated by the P25 method, as 
shown in Fig. 6a. The influence from primary BB emissions on σBrC,λ-SEC- 

P25 was demonstrated by the correlation with BCBB (Fig. 6b). No corre
lation between σBrC,λ-SEC-P25 and BCFF was found (R2 = 0.06).

As already indicated, the difference between σBrC,λ-SEC calculated by 
both methods can be attributed to the contribution of secondary BrC 
generated form the rapid oxidation of BB precursors (Wu et al., 2019; 
Kaskaoutis et al., 2020). The average differences between σBrC,λ-SEC-P25 
and σBrC,λ-SEC-MRS were 1.88, 0.51, 8.56 and 0.24 Mm− 1 for the whole 
study period, P1, P2 and P3, respectively. As expected, the highest dif
ference was obtained for P2, when almost 78 % of σBrC,λ-SEC was due to 
secondary BrC formed from the oxidation of precursors emitted during 
rice straw burning. The correlation between levoglucosan and the dif
ference in σBrC,λ-SEC estimated by the two procedures is showed in 
Fig. S5. The high correlation coefficient supports the role of BB emis
sions on the magnitude of this difference. Nevertheless, it has to be 
considered that average daily values were used for the correlation 
analysis and, therefore, the result of the correlation was highly influ
enced by the data included in P2.

3.4. Contribution of different aerosols to light absorption

Absorption by primary BrC (σBrC-PRI) was calculated by subtracting 
the value of σBrC-SEC-P25 to that of σBrC. This may lead to an underesti
mation of σBrC-PRI calculated by the P25 method, since σBrC,λ-SEC obtained 
by this procedure was overestimated, as already mentioned. This is 
especially evident for P3, when BrC absorption was lower than 0.2 Mm− 1 

at λ > 520 nm (Table 2). Considering the errors in the determination of 
each component, it is worth indicating that the results for P3 at λ > 520 
nm may not be reliable. It has to be mentioned that, in this section, σBrC- 

SEC-MRS was named as σBrC-SEC1. The value of σBrC-SEC1 represents the 
absorption by secondary BrC not generated from the oxidation of pre
cursors emitted during rice straw burning. The origin of this BrC is 
associated with the value of σBrC-SEC2, which has been calculated 
through the difference between σBrC,λ-SEC-P25 and σBrC,λ-SEC-MRS.

Fig. 7 shows the average absorption by BC, BrCPRI, BrCSEC1 and 
BrCSEC2 as a function of the wavelength, as well as the percentage 
contribution of each component to total light absorption. The daily 
variability of the contribution of each component to total light absorp
tion at 370 nm is shown in Fig. S6.

The average contribution of σBrC-SEC2 to the total light absorption by 
BrC at 370 nm was 47 % for P2. This contribution was significantly 
higher than that calculated for P1 and P3, pointing to the critical role of 
BB emission on the formation of secondary BrC (Wu et al., 2023). The 
percentage contribution at other wavelengths was around 40 % for P2. 
The contribution of σBrC-SEC2 to σBrC was three times higher than that of 

Fig. 5. Hourly variation of σBrC-SEC at 370 nm during the three sub-periods (P1-blue, P2-red and P3-green). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 6. a) Values of σBrC-SEC for the three sub-periods calculated using the 25th 
percentile and MRS methods; b) correlation between the secondary BrC ab
sorption derived via 25 % percentile and BCBB.
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σBrC-SEC1 at 370 nm. However, in the visible region the contributions of 
σBrC-SEC2 and σBrC-SEC1 to σBrC were comparable. In contrast, for P1 and P3 
the contributions of σBrC-SEC2 to σBrC at 370 nm were similar.

4. Conclusions

The impact of open burning of rice residues on PM10 levels and 
aerosol optical absorption properties has been evaluated during a field 
campaign in L’Albufera Natural Park (eastern Spain). The following 
conclusions were extracted from this study: 

• During the period with the highest number of burning episodes (P2), 
BrC absorption in the UV spectral range was higher than the ab
sorption by BC. During this period, the absorption by secondary BrC 
formed from the rapid oxidation of semi-volatile organic aerosols 
emitted by BB accounted for almost half of the total BrC light ab
sorption at 370 nm.

• In BB-impacted environments, the values of σBrC-SEC were highly 
dependent on the method used to determine (σap,λ/BC880)pri, with 
differences up to almost 30 %.

• The prevailing meteorological conditions in the study area can have 
a significant influence on PM concentrations and σap,λ values, inde
pendently of the number of burning episodes. Strong winds may 
result in a sweeping effect, leading to significant decreases in PM 
levels and absorption values. This was observed at the end of the 
measurement period (P3), when σap,λ values and PM10 concentrations 
were four times lower than those at the beginning of the campaign 
(P1), although a higher number of burning episodes were identified 
during P3.

The open-field burning of rice straw in L’Albufera Natural Park poses 
a significant potential environmental risk, particularly to air quality. 
This practice emits considerable amounts of pollutants at ground level, 
especially particulate matter, in a region close to densely populated 
areas. To reduce its impact on the atmospheric environment, the burning 
of part of the straw is a controlled activity only permitted under 
favourable dispersive conditions (i.e., when the wind blows towards the 
sea). This seems to be the best option compared to others alternatives, 
such as on-site straw burning for use in other sectors or controlled straw 
burning for electricity generation. However, the meteorological condi
tions under which controlled burns occur (predominance of sea breezes) 
can favour the production of secondary pollutants, especially of a 
photochemical nature, since the species emitted the day before return 
inland during the subsequent period of onshore flow and interact with 
fresh emissions. Future research is needed to evaluate this effect.
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Galindo, N., Yubero, E., Clemente, Á., Nicolás, J.F., Varea, M., Crespo, J., 2020. PM 
events and changes in the chemical composition of urban aerosols: a case study in 
the western Mediterranean. Chemosphere 244, 125520. https://doi.org/10.1016/j. 
chemosphere.2019.125520.

Gao, Y., Wang, Q., Li, L., Dai, W., Yu, J., Ding, L., Li, J., Xi, B., Ran, W., Han, Y., Cao, J., 
2022. Optical properties of mountain primary and secondary brown carbon aerosols 
in summertime. Sci. Total Environ. 806, 150570. https://doi.org/10.1016/j. 
scitotenv.2021.150570.

Giannoni, M., Calzolai, G., Chiari, M., Lucarelli, F., Mazzinghi, A., Nava, S., Ruberto, C., 
2015. Feasibility study of ED-XRF analysis of atmospheric particulate matter samples 
collected with high time resolution. X-Ray Spectrom. 44, 282–288. https://doi.org/ 
10.1002/xrs.2620.

Gilardoni, S., Massoli, P., Paglione, M., Giulianelli, L., Carbone, C., Rinaldi, M., 
Decesari, S., Sandrini, S., Costabile, F., Gobbi, G.P., Pietrogrande, M.C., Visentin, M., 
Scotto, F., Fuzzi, S., Facchini, M.C., 2016. Direct observation of aqueous secondary 
organic aerosol from biomass burning emissions. Proc. Natl. Acad. Sci. USA 113, 
10013–10018. https://doi.org/10.1073/pnas.1602212113.

Gilardoni, S., Massoli, P., Marinoni, A., Mazzoleni, C., Freedman, A., Lonati, G., De 
Iuliis, S., Gianelle, V., 2020. Spatial and temporal variability of carbonaceous aerosol 
absorption in the Po Valley. Aerosol Air Qual. Res. 20, 2624–2639. https://doi.org/ 
10.4209/aaqr.2020.03.0085.

Guinot, B., Cachier, H., Oikonomou, K., 2007. Geochemical perspectives from a new 
aerosol chemical mass closure. Atmos. Chem. Phys. 7, 1657–1670. https://doi.org/ 
10.5194/acp-7-1657-2007.

Kaskaoutis, D.G., Grivas, G., Theodosi, C., Tsagkaraki, M., Paraskevopoulou, D., 
Stavroulas, I., Liakakou, E., Gkikas, A., Hatzianastassiou, N., Wu, C., 
Gerasopoulos, E., Mihalopoulos, N., 2020. Carbonaceous aerosols in contrasting 
atmospheric environments in Greek cities: Evaluation of the EC-tracer methods for 
secondary organic carbon estimation. Atmosphere 11, 161. https://doi.org/ 
10.3390/atmos11020161.

Kaskaoutis, D.G., Grivas, G., Stavroulas, I., Bougiatioti, A., Liakakou, E., Dumka, U.C., 
Gerasopoulos, E., Mihalopoulos, N., 2021. Apportionment of black and brown 
carbon spectral absorption sources in the urban environment of Athens, Greece, 
during winter. Sci. Total Environ. 801, 149739. https://doi.org/10.1016/j. 
scitotenv.2021.149739.

Koppmann, R., von Czapiewski, K., Reid, J.S., 2005. A review of biomass burning 
emissions, part I: gaseous emissions of carbon monoxide, methane, volatile organic 
compounds, and nitrogen containing compounds. Atmos. Chem. Phys. Discuss. 5, 
10455–10516. https://doi.org/10.5194/acpd-5-10455-2005.

Laskin, A., Laskin, J., Nizkorodov, S.A., 2015. Chemistry of atmospheric of brown 
carbon. Chem. Rev. 115, 4335–4382. https://doi.org/10.1021/cr5006167.

Liakakou, E., Kaskaoutis, D.G., Grivas, G., Stavroulas, I., Tsagkaraki, M., 
Paraskevopoulou, D., Bougiatioti, A., Dumka, U.C., Gerasopoulos, E., 
Mihalopoulos, N., 2020. Long-term brown carbon spectral characteristics in a 
Mediterranean city (Athens). Sci. Total Environ. 708, 135019. https://doi.org/ 
10.1016/j.scitotenv.2019.135019.
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Estellés, V., Matos, V., van der Gaag, E., Gille, G., Luoma, K., Manninen, H.E., 
Norman, M., Silvergren, S., Petit, J.-E., Putaud, J.-P., Rattigan, O.V., Timonen, H., 
Tuch, T., Merkel, M., Weinhold, K., Vratolis, S., Vasilescu, J., Favez, O., Harrison, R. 
M., Lag, P., Wiedensohler, A., Hopke, P.H., Petäjä, T., Querol, X., 2023. The 
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