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Abstract: Agricultural stubble burning is the third largest source of air pollution after vehicular and
industrial emissions. Fine particulate matter (PM2.5), volatile organic compounds (VOCs), carbon
monoxide (CO), nitrogen dioxide (NO2), and black carbon (BC) are some of the pollutants emitted
during such burning events. The Lower Rio Grande Valley (RGV) region of South Texas is a major
hub of agricultural activity, and sugarcane farming is one of them. Unfortunately, this activity results
in episodic events of high air pollution in this low-resourced, Hispanic/Latino majority region of
the U.S.–Mexico border. This study presents results from a sugarcane site in La Feria, South Texas,
where the air quality was monitored before, during, and after the sugarcane stubble burning. Various
parameters were monitored on an hourly basis from 24 February 2022 to 4 April 2022. Our results
demonstrate high levels of all the monitored pollutants during the burning phase in contrast to the
pre- and post-burning period. The black carbon levels went up to 6.43 µg m−3 on the day of burning
activity. An increase of 10%, 11.6%, 25.29%, 55%, and 67.57% was recorded in the PM1, PM2.5, PM10,
Black Carbon, and CO levels, respectively, during the burning period in comparison with the total
study period. The absorption Ångström exponent value reached a maximum value of 2.03 during
the burning activity. ThePM2.5/PM10 ratio was 0.87 during the burning activity. This study also
highlights the importance for continuous monitoring of air quality levels due to stubble burning in
the Lower Rio Grande Valley Region of South Texas.

Keywords: stubble burning; PM2.5; sugarcane; Rio Grande Valley; South Texas; black carbon; absorp-
tion angstrom exponent

1. Introduction

Stubble burning is the phenomenon which involves burning the crop residue pre-
and post-harvest season to prepare the fields for planting. While pre-harvest burning is
conducted to control the weeds and pests, post-harvest season involves in burning stubble
which consists of stalks leftover after harvest [1]. This process is also called crop residue
burning or agricultural burning. Even though there are productive ways to use the stubble,
farmers consider burning as the best method to remove residues because of its cost-friendly
nature and involvement of minimum labor and time [2]. Various alternate ways in which
the stubble can be used include residue in biothermal power plants and the production of
biogas, paper, and bedding material for cattle [3].

Stubble burning is the leading source of air pollution and stands only after vehicular
and industrial emissions [4]. Countries including India, Pakistan, Australia, the United
States, and New Zealand are some of the most affected by stubble burning [5]. The
burning of the residue leads to the emission of various air pollutants, which includes
ammonia (NH3), carbon monoxide (CO), carbon dioxide (CO2), sulfur dioxide (SO2),
oxides of nitrogen (NOx), volatile organic carbon (VOC), and particulate matter (PM2.5,
PM10) [6]. These pollutants not only harm environmental air quality but continuous
exposure to pollutants such as PM2.5 leads to respiratory and cardiovascular diseases in
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human beings [7]. Ammonia emissions have a significant impact on the formation of
particulate matter and ground-level ozone, which can harm human health and damage
crops and other vegetation [8]. Carbon monoxide (CO) is a toxic gas that can reduce oxygen
delivery to the body’s organs and tissues and can also contribute to the formation of ground-
level ozone [9]. According to the United States Environmental Protection Agency (EPA),
carbon monoxide is a leading cause of air pollution-related illness and death [10]. The gas
is primarily produced by the burning of fossil fuels and is found in the exhaust emissions
of vehicles, power plants, and other industrial sources. Sulfur dioxide (SO2) is a major
contributor to acid rain, which can harm plants, animals, and bodies of water. According
to the EPA, SO2 emissions primarily come from the burning of fossil fuels in power plants
and industrial facilities [11]. Oxides of nitrogen (NOx) emissions from transportation and
other sources have increased in the United States by approximately 7% since 1990 [12].
Continuous exposure to PM2.5 can have both short-term and long-term effects on human
health [7].

Major crops such as wheat, rice, maize, cotton, and sugarcane are some of the most
burnt residues across the world. A study published in 2018 analyzed the data of air
pollutants emitted due to stubble burning of maize and concluded that CO2 is the highest
of all emissions, followed by CO, PM10, PM2.5, and others [13]. India, one of the largest
producers of rice and wheat, produces approximately 620 million tonnes of crop residue in
total. The residue generated in India can be used to generate up to 18,000 MW of electricity,
whereas nearly 62% of the residue is burnt openly [14]. A study estimated that burning
1 tonne of rice residue results in the release of 29 lb particulate matter, 132 lb CO, 3218 lb
CO2, 7.7 lb NOx, and 0.4 lb SO2 [15].

The United States of America comprises 40% of its land area, i.e., 900.2 million acres
out of 2250 million acres as agricultural land, which is the highest compared to other
countries in terms of area [16]. Some of the major crops cultivated in the USA include corn,
soybeans, barley, oats, rice, sugarcane, and cotton [17]. Sugarcane is primarily harvested in
Florida, Louisiana, and Texas [17]. Because of its subtropical climatic features, the southern
tip of the state, otherwise called Rio Grande Valley, is the largest producer of sugarcane in
Texas [18]. The harvest area is 36,100 acres and produces over 143,000 short tons, raw value
(STRV) [18]. The sugarcane plant has 2 parts, the first, which is net cane/stalk, is used to
extract or crystallize sugar and covers 75–80% of the plant. The other 20–25% of the plant is
made up of leafy matter that serves no purpose. Typically, the portion of 20–25% is the part
that is burned. Even though burning would clear only one-half to two-thirds of the total
residue, farmers consider that as the best option because other methods, which include
transportation and processing, would cost approximately USD 24 million [19]. A study [20]
in Brazil concluded that the emission factors in grams for one kg of burned dry biomass
are 1303 ± 218 for CO2, 65 ± 14 for CO, 1.5 ± 0.4 for NOX, and 2.6 ± 1.6 for PM2.5. A
study [21] in Argentina inferred that there is an increased nitrous oxide (N2O) concentration
noticed from the stubble burning of sugarcane which used nitrogen fertilizers. Nitrogen is
widely used to achieve maximum yields of sugarcane as it is a biomass-producing crop [22].
Additionally, it is very important to monitor the stubble burning of agriculture because
N2O is one of the greenhouse gases. There was an increase of 14% in annual emissions of
N2O from 1990 to 2020 [23].

The Rio Grande Valley, despite being one of the major producers of sugarcane in
the United States of America, does not have many studies which analyze its air quality
deterioration of air quality parameters due to stubble burning of sugarcane. This study
presents the analysis of various air quality parameters, which include PM2.5, CO, NO2, O3,
and BC, during a stubble burn at a sugarcane site in La Feria, South Texas, TX, USA. There
are only five Texas Commission on Environmental Quality (TCEQ) [24] continuous ambient
monitoring station (CAMS) sites in the region of Rio Grande Valley, and not all of them
measure the major USEPA criteria air pollutants. Thus, it is imperative to study the effects
of stubble burning on air quality in the region. The air quality parameters were monitored
using the in situ sensors at the site, and meteorological data was collected from the Texas
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Commission on Environmental Quality (TCEQ) [24] continuous ambient monitoring station
(CAMS) sites for the study period.

2. Study Design and Methods
2.1. Site Selection

Texas, being the third highest sugarcane producer in the United States, Rio Grande
Valley, owns approximately 16,916 Ha of land dedicated to sugarcane production [25]. This
study focuses on one of those sugarcane sites located in the Lower Rio Grande Valley at La
Feria. The site is located 2.7 miles northwest of the La Feria residential area, 1.7 miles north
of the E Interstate Highway 2, and 3.53 miles northwest of La Feria Reservoir. Sharing
its boundaries with a ranch to the east and sites in the other directions, it covers 15.83
Ha of the area and is square in shape with a perimeter of 5255 ft. Regular activities, such
as BBQ/Cigar, were also conducted at the site during the study period as part of home
maintenance. The study period lasted from 4 February 2022 to 4 April 2022.

Additionally, data from nearby CAMS sites in Rio Grande Valley were collected to
complete the required analysis. The site and Texas Commission on Environmental Quality
(TCEQ) continuous air monitoring sites (CAMS) are illustrated in Figure 1.
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Figure 1. Map of the study location showing the study site and TCEQ CAMS sites.

2.2. Topography and Meteorological Conditions

Wind patterns from 24 February 2022 to 4 April 2022 of all the five TCEQ CAMS,
i.e., C80, C1023, C323, C43, and C1046, are visualized with the help of wind rose plots in
Figure 2. Averaged wind speeds of the stations were as follows: C80 (3.48 ms−1), C1023
(4.14 ms−1), C323 (2.94 ms−1), C43 (3.27 ms−1), and C1046 (3.14 ms−1), and direction was
mostly south-eastern for the study period.
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Meteorological parameters from the five TCEQ CAMS in the Lower RGV region
(C80, C1023, C323, C43, and C1046) are summarized in Table 1 for the study period.
Meteorological data from all CAMS’s was included to facilitate the analyses. The solar
radiation expressed the total electromagnetic radiation at sites C80 (1.48) and C1046 (1.39)
in Langley’s per minute.

Table 1. Summary statistics of 24 h meteorological parameters from CAMSs.

Site N Mean StDev Min Max

RWS
(ms−1)

C80 932 3.48 2.31 0.04 12.29
C1046 956 3.14 1.62 0.9 8.002
C323 956 2.94 2.29 0 11.31
C1023 956 4.14 2.33 0 12.15

C46 955 3.27 1.67 0.04 8.27

T
(◦C)

C80 943 18.35 6.22 4.11 30.94
C1046 956 18.65 7.41 3.16 34.77
C323 955 17.35 4.30 6.16 26.77
C1023 947 17.79 8.18 2.88 33.77

C46 956 18.69 7.33 3.22 34.33

SR
C80 944 0.28 0.43 0 1.48

C1046 956 0.28 0.42 0 1.39
StDev = standard deviation, RWS = resultant wind speed in m/s, T = temperature in (◦C), and SR = solar radiation
measured in Langley’s per minute.

The mean temperatures for the CAMS sites were recorded as 18.35 ◦C ± 6.22,
18.65 ◦C ± 7.41, 17.35 ◦C ± 4.30, 17.79 ◦C ± 8.18, and 18.69 ◦C ± 7.33 in C80, C1046,
C323, C1023, and C46, respectively. There was not much difference in the mean tempera-
tures as all the CAMS stations are from Rio Grande Valley.

2.3. Instrumentation

The instrumentation setup was on the eastern side of the field. The study period
started on 24 February 2022 and continued until 4 April 2022. Various sensors were used to
measure the air quality parameters during the study period. Figure 3 shows the location of
the site, which was monitored, and the instrumental setup near the field.
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DustTrak™ DRX Aerosol Monitor TSI Inc., Shoreview, MN, USA (Model:8534) was
used in this study to monitor the particulate matter data. The data includes PM1, PM2.5, res-
pirable, PM10, and Total. Black carbon was measured using microAeth® MA200; AethLabs,
San Francisco, CA, USA. CO and temperature were measured using Q-Trak™ Indoor Air
Quality Monitor 7575 (TSI Inc., Shoreview, MN, USA). Ozone was measured using Monitor
202 (2B Technologies, Boulder, CO, USA). NO2 was measured using 405 nm NO2/NO/NOx
Monitor™ (2B Technologies, Inc., Boulder, CO, USA). All the concentrations were collected
at 5 min intervals and converted into hourly and daily concentrations for the analysis. The
data for the air quality parameters for each CAMS site were collected for the study period.
All CAMS site parameters are described in Table 2.

Table 2. TCEQ CAMS site monitored parameters.

Site C80 C1046 C323 C1023 C43

PM1
PM2.5 x x x

Resp PM
PM10

Total PM
BC
O3 x x

NO2
RWS x x x x x
RWD x x x x x

T x x x x x
SR x x

RWS = resultant wind speed in ms−1, RWD = resultant wind direction in degrees, T = temperature in (◦C), and
SR = solar radiation measured in Langley’s per minute.

2.4. Statistical Data Analysis

Descriptive statistics of the collected data were performed using Microsoft Excel
(v.16.06, Microsoft Inc., Redmond, WA, USA), Origin Pro Origin Lab Corporation, Northamp-
ton, MA, USA (Version 2022). While Microsoft Excel was used to calculate the COD values
and clean data, Origin Pro was used to perform Spearmen correlation. Wind roses and time
series graphs were also plotted using Origin Pro.

Spearmen correlation was computed to signify site-specific temporal relationships
with pollutant correlations at every air site. The Coefficient of Divergence (COD) was
calculated to understand the spatial variation in PM2.5, O3, and temperature levels between
study site and the five CAMS sites. COD specifies uniformity between two simultaneously
sampled sites and is outlined as

CODj,k =

√√√√ 1
p

p

∑
i−1

[
xij − xik

xij + xik

]2

where xij is the ith concentration measured at site j over the sampling period; j and k are
two simultaneously sample sites; and p is the number of observations [26]. A low COD
value of <0.20 denotes similar pollutant concentrations between two sites, whereas a value
approaching unity indicates a significant difference in the absolute concentrations and
subsequent spatial non-uniformity between the two sites. The time series were plotted to
compare the values of the parameters at various times of the study period.
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3. Results
3.1. 1 h Concentration Analysis

Temporal variations and descriptive statistics of all the parameters, including PM
species, CO, NO2, BC, and temperature at the site as well as the TCEQ CAMS sites in Rio
Grande Valley, are presented as hourly concentrations in Table 3.

Table 3. Hourly basic statistics for various parameters at the study site and five CAMS sites.

Parameter Location N Mean StDev Min Max

PM1 (µg m−3) Site 955 39.36 93.80 1.33 2152.5

PM 2.5 (µg m−3)

Site 955 40.60 94.48 1.58 2161.75
C80 936 7.86 6.41 0 58
C323 953 10.86 7.91 0 60.7
C43 868 10.21 7.89 0 52

Resp (µg m−3) Site 955 41.90 94.86 1.75 2161.83
PM10 (µg m−3) Site 955 47.85 99.47 2.58 2164.41
Total (µg m−3) Site 955 76.075 253.27 6 4690
BC (µg m−3) Site 818 0.64 1.27 0 18.74

O3 (ppb)
Site 956 22.23 10.84 0 46.20
C43 944 31.62 12.92 2 68

C1023 927 30.18 13.09 0 59
NO2 (ppb) Site 955 4.46 4.27 0 94.00
CO (ppm) Site 913 0.37 0.55 0 3.14

T (◦C) Site 955 17.61 11.16 3.40 44.07

The mean (SD) of PM2.5 concentration for the site was 40.60 ± 94.48 µg m−3 dur-
ing the study period, while the CAMS sites C80, C323, and C43 recorded an average of
7.86 ± 6.41 µg m−3, 10.86 ± 7.91 µg m−3, and 10.21 ± 7.89 µg m−3, respectively. A similar in-
crease at the site was observed for other particulate matter sizes, including PM1, resp, PM10,
and total concentrations whose mean (SD) values were recorded as 39.36 ± 93.80 µg m−3,
41.90 ± 94.86 µg m−3, 47.85 ± 99.47 µg m−3, and 76.07 ± 253.27 µg m−3, respectively.
The mean (SD) ozone concentration of the site was recorded as 22.23 ± 10.84 ppb. Addi-
tionally, the same for CAMS sites C43 and C1023 was recorded as 31.62 ± 12.92 ppb and
30.18 ± 13.09 ppb, respectively. The ozone concentrations at CAMS sites were relatively
higher than that of the site because of their location.

The time series of all the observed concentrations along the study period at the site
and CAMS sites were plotted in Figure 4a,b, respectively. The dates and parameters are
labeled appropriately on each time series to directly portray the temporal variations. The
time series aid in understanding the temporal pattern during the study period. Diurnal
patterns were observed for O3, CO, and temperature values at all observed sites, as there is
a difference between values in the day and night daily. BC values for the site are not present
in the graph as the instrument ran out of tape from 12 March to 18 March 2022. Some hour
periods were noticed to have high PM concentrations for a short period of time. As the data
is collected at a site near a regular home, activities such as cigar smoking and barbequing
caused an increase in the values for a short period of time. Table 4 shows all those types
of home activities at various periods in the study time, which caused an increase in the
particulate matter for a short period of time.
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Table 4. Various activities at different periods of study period, which caused a short-term increase in
PM concentrations.

Date Time Activity

24 February 2022 18:40 cigar smoking
26 February 2022 12:55 BBQ
26 February 2022 18:45 BBQ
27 February 2022 22:15 BBQ

3 March 2022 12:40 BBQ
4 March 2022 00:50 cigar smoking
5 March 2022 18:28 BBQ

10 March 2022 18:05 cigar smoking
10 March 2022 19:15 BBQ
10 March 2022 23:00 cigar smoking
17 March 2022 22:30 cigar smoking
18 March 2022 3:25 cigar smoking
22 March 2022 Fire at Near farm

Figures 5 and 6 display the box plots for O3 and PM2.5, respectively. The boxes are the
interquartile ranges (75th and 25th). The median is indicated by the median line inside
the boxes, and the mean is indicated by the square. The outliers are not included in the
boxplots. The boxplot of PM2.5 suggests that the particulate matter concentration at the
site is higher than the CAMS. Additionally, the boxplot for ozone is vice versa. The ozone
concentration at the site was lower than the other two observed CAMS, i.e., C43 and C1023.
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3.2. Coefficient of Divergence Analysis

Ambient exposure to PM2.5, O3, and temperature between the site and CAMS site was
calculated into COD values and are presented in Table 5. The value of COD indicates the
similarity in spatial heterogeneity and concentrations, where a value less than 0.20 indicates
high similarity and a value more than 0.20 shows low similarity. According to Table 5 less
similarity is observed as all the values are more than 0.20. The highest COD value observed
was between the site to C323 (0.647) and C80 (0.651), which indicates significant differences
between the PM2.5 values at both sites. Temperatures at all the CAMS indicate the highest
similarity, as the COD values are less than 0.30. As all the observed sites are in uniform
weather, a high similarity in temperatures is observed.
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Figure 6. Boxplots for hourly average concentrations of PM2.5 (µg m−3) at various TCEQ CAMS and
study site.

Table 5. COD values for the various parameters between the study site and the various CAMS sites.

Site Parameter CAMS COD Value

SITE

PM2.5

C80 0.651
C43 0.544

C323 0.647

O3
C43 0.284

C1023 0.307

TEMPERATURE

C80 0.245
C323 0.228
C43 0.221

C1023 0.269
C1046 0.221

3.3. Spearman Correlation Coefficient Analysis

A Spearman correlation coefficients analysis was performed to study the temporal
relationships between various parameters at the site and each of the CAMS. Spearman cor-
relation is a statistical measure of the strength of the monotonic relationship between paired
data. The closer the value to +1, the stronger the monotonic relationship. The Spearman
correlation coefficient for this study is presented in Figure 7. The color coordination for the
COD values is as follows: dark green for a high positive relationship, light green for a low
positive relationship, white for no relationship, light red for a low negative relationship,
and dark red for a high negative relationship.

Different particulate matter concentrations at the site are highly correlated with each
other (r ≥ 0.9). Ozone at all the observed stations is moderately correlated with the
temperature at the CAMS and the site (0.4 < r < 0.6). NO2 observed at the site has a weak
negative correlation with the temperature at both CAMS and the site (0 < r < −0.1). Ozone
at all observed sites is negatively correlated to PM1, PM2.5, respirable, PM10, and total
concentrations at the site (0 < r < −0.4).
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3.4. Effect of Stubble Burning on Air Quality

The primary aim of this study is to monitor the effects of stubble burning on air quality.
Fire activity was recorded manually at the site during the study period on 31 March 2022.
To present a more robust proof of fire activity, FIRMS was accessed. FIRMS US/CANADA
is a joint effort by NASA and the USDA Forest service, which provides access to satellite
imagery from the Earth Observation System. This helps in identifying the location, extent,
and intensity of fire activity. This workflow leverages the near real-time MODIS data and
VIIRS fire products [27]. Figure 8 shows the fire activity at the site (highlighted in a square)
and in the surroundings. The surroundings were also captured because a fire activity at
any site nearby causes a change in the air quality parameter concentrations. There was
a fire activity (marked in red color) nearby the site on 22 March, which can be observed
in Figure 8a. There was a fire activity on the site on 31 March, which can be observed in
Figure 8c.
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The air quality parameters recorded a steep increase in their concentrations during 
the burning period. However, as there were some activities which caused the short-term 
increase in the concentrations, the effect of stubble burning could not be clearly visualized 
in Figure 4a. For a clear understanding of the stubble burning on air quality, Figures 9–11 
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Figure 8. FIRMS US/CANADA images of the site on (a) 22 March, (b) 30 March, (c) 31 March, (d) 1
April, and (e) 2 April.

The air quality parameters recorded a steep increase in their concentrations during
the burning period. However, as there were some activities which caused the short-term
increase in the concentrations, the effect of stubble burning could not be clearly visualized
in Figure 4a. For a clear understanding of the stubble burning on air quality, Figures 9–11
visualize different parameters at the site in the range of 1 week from the burning activity.
No other activity, including BBQ/cigar smoking, which would possibly cause an increase
in the concentrations, took place during this one week.
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Hourly concentrations of PM1, PM2.5, respirable, PM10, and black carbon for the range
of 1 week from the burning activity are presented in Figure 9. The mean PM1 concentration
for the site before the burning activity was 36.31 ± 96.48 µg m−3, and during the day of
burning activity was 40.44 ± 13.54 µg m−3. During the burning activity, there was an
increase of 10% in PM1 concentrations compared to the mean concentration of the study
period in the site, while the highest concentration recorded is 78.16 µg m−3. The mean
PM2.5 concentration for the site, pre-burning activity was 37.43 ± 97.09 µg m−3, while the
same during the day of burning activity was 42.37 ± 14.38 µg m−3. During the burning
activity, there was an increase of 11.6% in PM2.5 concentrations compared to the mean
concentration of the study period, while the highest concentration recorded is 82 µg m−3.
The mean PM10 concentration of the site is 44 ± 100.49 µg m−3 for the study period before
burning activity, while during the activity, the mean was recorded as 58.82 ± 30.41 µg m−3.
The increase in concentrations is 25.19% compared to the mean concentration of the study
period, and the highest concentration recorded during the burning activity is 156.08 µg m−3.
Black carbon was observed to be affected by the burning with an increase of 55% compared
to the mean concentration of the study period. While the mean concentration of black
carbon was 0.60 ± 1.32 µg m−3 for the period before the burning activity, it increased
to 1.33 ± 1.14 µg m−3 during the burning activity. The highest value of black carbon
concentration recorded on the day of burning activity was 6.43 µg m−3.

Hourly concentrations of CO are presented in Figure 10. The values of CO can be
observed to follow the diurnal pattern. The mean CO concentration for the site, pre-
burning activity was 0.30 ± 0.50 ppm, while the same during the day of burning activity
was 0.93 ± 0.47 ppm. During the burning activity, there was an increase of 67.57% in carbon
monoxide concentrations compared to the mean concentration of the study period, while
the highest concentration recorded is 2.2 ppm.

Hourly concentrations of O3 and NO2 for the range of 1 week from the burning activity
are presented in Figure 11. While NO2 increased by 5.85% from the pre-burning activity
period, O3 increased by 19.86% compared to the mean concentration of the study period.
The highest concentrations of O3 and NO2 on the day of burning activity are 42.625 ppb
and 7.7 ppb, respectively.

3.5. Relationship between PM2.5 and PM10

Particulate matter of different sizes have their own physical and chemical characteris-
tics, which, if analyzed, gives important information about aerosol pollution, such as the
cause of pollution or impact on health [28]. In order to fully understand the relationship
between PM2.5 and PM10, the linear correlation and the ratio of PM2.5 to PM10 for both the
study period and the week of activity are shown in Figure 12a,b, respectively.
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or anthropogenic.  

Figure 12. The regression curve of PM2.5 and PM10 mass concentration for (a) study period and
(b) the week of activity.

Figure 12a shows the linear correlation between PM2.5 and PM10 for the whole study
period while Figure 12b shows the linear correlation for the week of activity. The correlation
coefficient in both cases reached R2 = 0.97 and R2 = 0.96, respectively, which indicates a
strong correlation. The corresponding regression equations are y = 1.0379 x + 5.70905 and
y = 1.3036 x − 1.83451, respectively. The Pearson correlation coefficient is 0.9873 and 0.9810
for the whole study period and for the week of activity, respectively, which strengthens the
statement that PM2.5 and PM10 are highly correlated with each other.

Values of the PM2.5/PM10 ratio have been used in previous studies to classify the
type or cause of pollution [29,30]. While a lower value of PM2.5/PM10 ratio indicates the
presence of more coarse particles, which is mostly caused by natural sources, a higher
PM2.5/PM10 ratio indicates the cause as an anthropogenic source. Figure 13a,b show the
PM2.5/PM10 ratio plots for the study period and the week of activity, respectively.

Figure 13a shows the PM2.5/PM10 ratio plots across the study period. The mean
PM2.5/PM10 ratio value for the study period is 0.85 ± 0.12. Figure 13b shows the PM2.5/PM10
ratio for the week of activity. The ratio value at the start of the day on which the burning
activity took place was 0.59 and increased to 0.77 at 04:00 a.m. and then to 0.87 by 16:00 p.m.
The value dropped to 0.67 at 21:00 PM on the same day. These values suggest that the
PM2.5/PM10 ratios are useful in classifying the cause of the pollution as either natural
or anthropogenic.

3.6. Absorption Angstrom Exponent

AAE—The absorption Ångström exponent is an aerosol optical parameter which is
widely used for characterization and apportionment studies of aerosols [31]. It is calculated
by using two different wavelengths. The instrument used in this study to measure black
carbon is microAeth® MA200. This instrument measures the rate of decrease in transmitted
light through the sample filter using 5 different wavelengths (880 nm, 625 nm, 528 nm,
470 nm, and 375 nm). Figure 14a,b show the measured values for different wavelengths
at the site throughout the study period and during the week of burning activity, respec-
tively. While the measurements at 880 nm and 375 nm are presented as concentrations
of black carbon and UVPM ultraviolet particulate matter, respectively, measurements at
other wavelengths are used to calculate the Ångström exponent for various atmospheric
investigations [32].
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Figure 13. PM2.5/PM10 ratio plots along with PM2.5 and PM10 concentrations for (a) study period
and (b) the week of activity.

The mean measurements for different wavelengths are 0.63±1.61µg m−3, 0.60± 1.32µg m−3,
0.58 ± 1.2 µg m−3, 0.58 ±1.22 µg m−3, and 0.59 ± 1.22 µg m−3 for 375 nm, 470 nm, 528 nm,
625 nm, and 880 nm, respectively. All the values of different wavelengths reached their
maximum value on 31 March 2022, the day of burning activity.

The AAE values for various sources change with respect to the wavelengths used
to calculate, but different studies resulted in concluding that the AAE values for natural
emissiaries are close to one, while the value of biomass burning goes up to two [33–35]. A
study in Italy estimated that the AAE value ranged between 0.9–1.0 and 1.8–2.2 for fossil
fuels and biomass burning, respectively [36]. Of all the different wavelength pairs possible,
the pair of 370 nm and 880 nm is proven to be the most efficient pair for the estimation
of BC source [36–38]. Additionally, the same has been used in this study to calculate
the AAE. The mass absorption efficiencies for the 375nm, 470 nm, 528 nm, 625 nm, and
880 nm are 24.069 m2 g−1, 19.070 m2 g−1, 17.070 m2 g−1, 14.091 m2 g−1, and 10.120 m2 g−1,
respectively [39]. The absorption coefficient is calculated using the following equation:

αabs,λ = CBC,λ × (MAEBC,λ ÷ f )× 10−3



Pollutants 2023, 3 213

CBC,λ is the measured value by the microAeth® MA200, MAEBC,λ is the mass absorp-
tion efficiencies, and f is the calibration factor which is assumed to be 1.3 [39]. The AAE
were calculated using the following equation [40]:

AAE375/880 = − ln(αabs(375nm)/αabs(880nm)
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Figure 15a shows the AAE values for the whole study period.. The mean value of 
Angstrom exponent for the whole study period is 0.92 ± 0.82. The value of 0.92 ± 0.82 
suggests that most of the time, the source of aerosols is natural. Diurnal patterns were 
observed in the AAE values. Previous studies [41,42] also concluded that AAE follows 
both diurnal and seasonal patterns. There are some days on which the AAE value has 
gone to negative. Various studies have proven that the value of AAE declines with the 
increase in the diameter of the Black Carbon core [43,44]. 

Figure 14. Measured values of different wavelengths concentration for (a) study period and (b) the
week of activity.

Figure 15a shows the AAE values for the whole study period.. The mean value of
Angstrom exponent for the whole study period is 0.92 ± 0.82. The value of 0.92 ± 0.82
suggests that most of the time, the source of aerosols is natural. Diurnal patterns were
observed in the AAE values. Previous studies [41,42] also concluded that AAE follows
both diurnal and seasonal patterns. There are some days on which the AAE value has gone
to negative. Various studies have proven that the value of AAE declines with the increase
in the diameter of the Black Carbon core [43,44].

Figure 15b shows the exponent values on the day of burning activity. The value was
0.8 at the start of the day, 1.09 at 6:00 a.m., increased to 2.03 by 14:00 p.m., and dropped
back to 0.17 by the 18:00 p.m. Additionally, the AAE value is 0.8 again by the end of the
day. The value increased during the burning activity and decreased after it. This implies
that AAE values are indicative of biomass burning and the straw burning of sugarcane
causes an increase in AAE value up to 2.03.

The ratio of PM2.5 and PM10 evaluated the release of particulate matter as being natural
or anthropogenic, whereas the AAE used the black carbon values to help in estimating the
source of aerosols. In this study, the relation between these two also has been presented.
Figure 16 represents the scatter plot showing the relation between ratio of PM2.5 to PM10
and absorption Ångström exponent.
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The correlation coefficient for the plot is R2 = 0.97, which indicates strong correlation be-
tween both values. The corresponding regression equation is y = (0.8533) + (0.00366696) * x.
The Pearson correlation coefficient is 0.73, which implies strong correlation between the
PM2.5 to PM10 ratio and AAE.

This also indicates that either the AAE value or the PM2.5 to PM10 ratio can be very
useful in detecting burning activities across places, and the methods above can be followed
to obtain the values from the measured concentrations.

4. Discussion and Conclusions

The Texas Open burning rules and regulations [45] state that crop residue can be
burnt for agricultural management purposes if and only if there is no practical alternative.
However, even though there are other methods [3] available because the method of stubble
burning is considered a more economically friendly and time-saving process to eliminate
crop residue, it is most widely practiced. The number of times a farm goes under stubble
burn in a year depends upon the number of crops being grown on the farm. Figure 17 shows
the fire activity in the southern part of Texas from November 2021 to October 2022 using
the NASA’s Fire Information for Resource Management System (FIRMS) US/CANADA,
part of NASA’s Earth Observing System Data and Information System (EOSDIS), accessed
on 14 November 2022 [27]. There was a higher number of fire activities observed in the
months of February (Figure 17d) and March (Figure 17e) in the area compared to others,
which is the season of pre-harvesting. Even though there are several fires observed in
other parts of the year, they are not as alarming as the fires in the month of February and
March. Additionally, these fires need to be controlled in order to keep the air quality below
required parameters.

The results of this study confirm that there is an increase in particulate matter levels
and black carbon levels during the period of stubble burning. Primarily, there is a steeper
increase in PM10 levels than in other particulate matter concentrations. Exposure to higher
PM10 concentrations leads to long-term and short-term health effects [26]. Black carbon
concentrations increased by 55% in the burning period when compared to the mean
concentration of the study period. This has the potential to have deleterious health effects
on humans by causing respiratory, cardiovascular diseases, and birth defects. In addition,
high levels of black carbon also contribute to climate change because of its ability to absorb
light as heat [46]. Carbon monoxide concentrations, which increased by 67% during the
burning activity compared to the mean concentrations, are a toxic gas that reduces the
oxygen delivery to the human body organs and also helps in the formation of ground-level
ozone [9]. It is also proven in this study that the PM2.5 to PM10 ratio and AAE values are
equally important in figuring out the source of particulate matter and aerosols. The ratio
of PM2.5 to PM10 reached 0.87, and the AAE value reached 2.03 during the burning effect.
These values can be used for source apportionment studies in the future, thus helping
in differentiating between the natural and anthropogenic sources of particulate matter in
studies involving larger areas.
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It is also important to note that urban or rural landscapes with an overall higher
percentage of agricultural farms should be continuously monitored for air quality levels.
Being one of the largest producers of sugarcane in the USA, the Lower Rio Grande Valley
merits such air monitoring campaigns. As per our knowledge, this study is one of the
first to discuss the effect of stubble burning of sugarcane on air quality in this region. At
present, there are only five CAMS stations monitoring the air quality across the Lower
Rio Grande Valley, out of which some are not continuously functional. Measuring the air
quality at more CAMS sites would help in making better decisions regarding open-air
stubble burning. With the growth in technology, there are various methods available, such
as using LCS—Low-Cost Sensors to measure the air quality parameters at the neighborhood
level. It has been proven that low-cost sensors are very efficient in assessing finer changes
in particulate matter concentrations [7]. Therefore, it would be prudent to mention here
that future research in this region should consider using LCS to characterize air pollution
levels at various sites in this agricultural-intensive region of South Texas.
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Abbreviations

PM1 Particulate Matter of size less than 1 micron
PM2.5 Particulate Matter of size less than 2.5 microns
PM10 Particulate Matter of size less than 10 microns
VOCs Volatile organic compounds
CO Carbon monoxide
NO2 Nitrogen dioxide
BC Black carbon
O3 Ozone
NH3 Ammonia
SO2 Sulfur dioxide
NOx Oxides of nitrogen
NO Nitric oxide
CO2 Carbon dioxide
EPA Environmental Protection Agency
STRV Short Tons, Raw Value
N2O Nitrous oxide
TCEQ Texas Commission on Environmental Quality
CAMS Continuous ambient monitoring station
COD Coefficient of Divergence
RGV Rio Grande Valley

https://earthdata.nasa.gov/firms
https://earthdata.nasa.gov/firms
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FIRMS Fire Information for Resource Management System
NASA The National Aeronautics and Space Administration
USDA The United States Department of Agriculture
MODIS Moderate Resolution Imaging Spectroradiometer
VIIRS Visible Infrared Imaging Radiometer Suite
AAE The Absorption Ångström exponent
UVPM Ultraviolet particulate matter
LCS Low-Cost Sensors
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