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Estimation of greenhouse gas emission due to open burning of
rice straw using Sentinel data
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ABSTRACT

In recent decades, Vietnam has gradually become a critical global rice producer. During that production process,
residual straw becomes an environmental pollutant due to open burning, raising greenhouse gas emissions. This study
combines the optical images of the Sentinel-2 satellite and the radar images of the Sentinel-1 satellite to estimate the
dry biomass of rice and to determine gas emissions due to rice straw burning over the fields in Quoc Oai district,
Hanoi city for urban environmental management purposes. Sentinel-2 images have been classified into the land
covers, thereby identifying the areas of rice cultivation and the areas of burned straw. Meanwhile, the Sentinel-1
radar image has been used to calculate the dry biomass of rice due to its ability to penetrate clouds, an obstacle to

optical images in tropical regions.

Furthermore, a field trip during harvesting season allows us to measure aboveground dry biomass. Then, the
analysis shows a high correlation between the backscatter V.V. and V.H. of the radar image and the in-situ dry
biomass (R=0.923 and R’=0.852), with a relatively low average error (RMSE = 6.58 kg/100 m?). By linear regression
method, the study found the total rice dry biomass of 28728.5 tons, which was obtained after the Summer rice crop
2020 for the whole Quoc Oai district, of which 2037.91 tons of rice straw have been burned, releasing a large amount
of greenhouse gas emission with 2398.6 tons of CO,, 189.5 tons of CO, 18.8673 tons of PM;, dust, 17.2087 tons of
PM, 5 dust and some other gases. The identical procedure has also been applied to the western region of Hanoi city
center to estimate the amount of gas emissions. This study has proven the effectiveness of an approach and
contributed to supporting urban managers in proposing appropriate policies to monitor and protect the environment.

Keywords: Straw burning, gas emission, regression, classification, Sentinel-1/2, dry biomass.

1. Introduction per year (Ndikumana et al. 2018). The
achievements in rice production have helped
Vietnam ensure domestic consumption and

put aside a considerable amount to export.

Rice is one of the grains that plays a vital
role in ensuring food security, and it is the
main ration plant in many countries, including

Vietnam. The International Food Policy
Research Institute (IFPRI) analysis shows that
the rice demand has increased by about 1.8%

*Corresponding author, Email: chiennq@hnue.edu.vn

The rice crop has also been cultivated in two
major deltas (Red River Delta and Mekong
River Delta), including Quoc Oai district,
located about 20 km from the center of Hanoi
city (Fig. 1). Quoc Oai has a large area of
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agricultural land, of which 53.6% is for rice
cultivation (Quoc Oai 2013; Vi, 2021).
However, rice production activities also affect
the environment when residual products, such
as rice straw generated after harvesting, have
not been adequately treated. They are
abolished by burning in the fields (Minh
2021; Minh 2020).

Moreover, the rice straw is often not
completely dry, so when burned, it forms
smoke that covers large rural regions.
Sometimes, smoke is carried away by the

105°30°0"E 105°35'0"E 105°40°0"E

wind, penetrating the residential areas of
Hanoi's urban center. Burning rice straw

causes many harms. Still, they mainly
contribute to air pollution, creating
greenhouse gases and bringing several

potential health problems for the surrounding
area's vulnerable population (Chang et al.
2012; Minh 2020). This issue has been
considered in air quality monitoring programs
of many countries, including Vietnam, but the
habit of burning rice straw after harvesting
has remained in Hanoi's rural districts.
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Figure 1. Administrative Boundary

Currently, the inventory of gas emissions
from burning agricultural residues has faced
many difficulties, especially in collecting
data, due to several reasons such as the large
surveying area, the limitation of budget, the
lack of human resources, the lack of
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observation equipment, etc. Therefore, an
effective method is necessary to solve these
issues at a reasonable cost and with high
reliability for controlling and protecting air
quality. In the major rice-growing regions of
the world, several studies have been
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conducted using satellite images to investigate
the greenhouse gas emissions from burning
agricultural residues (Chang et al. 2012;
Kanabkaew and Nguyen 2011). In these
studies, scientists have applied several
approaches for estimating rice aboveground
biomass, one of which commonly used the
regression analysis by correlating rice dry
biomass obtained from in-situ measurement
with backscatter values obtained from radar
images because this approach has reduced
costs, time duration, and less impact on

ground vegetation (Kumar et al. 2015;
Ndikumana et al. 2018; Sodhi 2019).
In addition, Chih-Hua Chang has

developed a method based on the
classification of Formosat-2 satellite images
acquired during the rice harvest season for
mapping burned areas. This approach
provides a practical and feasible solution to
determine the areas of burned zones
accurately (Chang et al. 2012). However, the
gas emission inventory by this method has
depended on the availability of rice
production data, and the author did not
consider the difference between rice variety
and rice productivity across different
localities. Harsimran Singh Sodhi worked on
estimating rice aboveground biomass (AGB)
with a combination of optical and radar data
(Sodhi 2019). The results show that radar
images were an adequate source for this
purpose because they can capture longitudinal
structural features and overcome weather
constraints. However, radar images were not a
reasonable  choice  for  distinguishing
vegetation categories like optical images.
Therefore, it is possible to combine radar and
optical images to improve the accuracy of rice
biomass estimation (Sodhi 2019).

In Vietnam, many researchers have used
remote sensing and GIS techniques for
investigating forest fires over the last decades
(Luu et al. 2014; Pham et al. 2024; Tran et al.
2023), and they have also exploited satellite
images to estimate forest biomass (Nguyen et

al. 2014). However, the estimation of dry rice
biomass and the amount of gas emission is
still a novel issue, as shown by several
research studies by Pham Thi Mai Thao
(2019) and Le Hoang Anh (2020), among
others. In Pham Thi Mai Thao's study, data
relating to the areas of rice cultivation and its
productivity were gathered from the Statistical
Yearbooks and used for estimating gas
emissions. The amount of straw was collected
according to the samples to calculate the
average weight of straw (kg/m’), and the
percentage of straw utilization was based on a
survey conducted by local people (Pham
2019). This method also has limitations
because it does not show the spatial variation
of results to find solutions for each locality.
The selection of samples and rice productivity
for estimating the amount of rice straw after
harvest is also tricky because it depends on
rice variety, level of fertilization practice, soil
categories, climate, irrigation conditions, and
specific crops in each region.

Otherwise, the percentage of households
who burn rice straw depends on the number of
surveyed households. In Le Hoang Anh's
study, the authors used the Sentinel-1 images to
estimate the areas of rice cultivation and its
productivity for each locality. The authors
applied the formula to calculate total gas
emissions based on the obtained data. The
results show that backscatter values from radar
images strongly correlate with rice productivity
and aboveground biomass (L& et al. 2020).
However, the authors based their calculation on
the percentage of residual products and
combustion efficiency from published studies
in some Asian countries such as Thailand and
China to calculate the amount of burned
biomass. However, this approach has several
limitations due to the different agricultural
practices between countries.

Since 2015, the European Space Agency
(ESA) has launched Sentinel-1 and Sentinel-2
satellites into orbit to capture Earth's surface
images. The images of these satellites have
been widely used in natural resource
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management and environmental monitoring
(Nguyén et al., 2018). Sentinel-2 satellite
images can be exploited to determine the rice
occupation in fields. Meanwhile, Sentinel-1
satellite images have also become a common
choice in estimating rice aboveground
biomass because they can overcome weather
limitations that optical satellite images have
often encountered (L€ et al. 2020; Ndikumana
et al. 2018; Nguyén et al. 2018). The
simultaneous use of the optical image of the
Sentinel-2 satellite and radar image of the
Sentinel-1 satellite, together with in-situ
measurement data, allows this study to
estimate dry rice biomass for calculating the
amount of greenhouse gas emissions, which
were arising from the open burning of rice
straw in Quoc Oai district, Hanoi city. The
results contribute to proposing appropriate
policies for converting biomass into energy or
other products or effectively controlling gas
emissions from the rice production process for
sustainable development.

2. Method and used data
2.1. Used data and processing steps
2.1.1. Satellite images

Two types of satellite data are used: optical
and radar images.

Radar images: the Sentinel-1 satellite
provides radar images with a repeat cycle of
12 days and a spatial resolution of 10 m.
Microwaves are highly sensitive to some
parameters, such as the ground surface's
roughness, the vegetation's structure and
orientation, and the moisture content (L&
2005). In addition, the sensitivity of Sentinel-
1 polarizations was investigated for bare soil
or  vegetation-covered  surfaces. For
monitoring crops in general and estimating
biomass in particular, radar images are
compelling in tropical regions with heavy
rainfall (Nguyén 2021). This study used
Sentinel 1 image captured on 21 September
2020 to estimate the dry biomass of rice over
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the Quoc Oai district - a study area located in
the west of Hanoi. Level 1 with orbital data
was applied to the selected image, of which
phase values have been replaced by the
intensity and amplitude components. Still, this
radar image has not been georeferenced, and
the speckle noise has not been filtered yet.

Optical images: the Sentinel-2 offers
optical images with which the land cover
categories are determined through the
reflectance values. These images have been
pre-processed at level 2A by NASA with a
transformation from D.N. values to
reflectance ones, and they have been
georeferenced in the UTM-WGSS84 coordinate
system. The Sentinel-2's bands have different
spatial resolutions, but raster-based analysis
demands all bands at the identical dimension.
That is why we have enhanced all existing
spectral bands with 20 m and 60 m
dimensions to the higher resolution of 10 m,
preserving their reflectance with convolution
neural network methods (Galar et al. 2020). In
this study, a cloud-free optical scene during
the Summer period is limited because of cloud
coverage over this region; a multispectral
image taken on 26/08/2020 was used to
identify the spatial distribution of rice
cultivation for the Summer rice crop in Quoc
Oai district on the one hand. In 2020, the
Summer rice crop started in July and finished
in October, when most rice fields were
harvested. That is why the image taken on
9/11/2020 was used to determine the spatial
distribution of burned rice fields.

Google FEarth images: Google Earth
integrates several types of spatial data,
including satellite images, which can be
displayed over time using historical imagery,
and provided images can reach an ultra-high
spatial resolution of <1.0 m (Malarvizhi et al.,
2016). The image taken in June 2020 was
chosen to select validation samples, and the
interpreter can easily recognize land cover
categories based on actual knowledge
acquired through field surveys.
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Figure 2. (a) Color composite (b11-b8-b2) of Sentinel-2 on 26 August 2020;
(b) Sentinel-2 on 09 November 2020; (c) Sentinel-1 on 21 September 2020
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2.1.2. In-situ measurement

The dry biomass data (rice straw) has been
collected at 30 standard plots (OTC) in Quoc
Oai district (each OTC corresponds to one
pixel 10x10 m with an area of 100 m?). The
in-situ measurement was carried out during

the harvesting the Summer rice crop in
October 2020 (Fig. 3). Each OTC's rice plant
has been cut from bottom to top, and rice
grains have been removed. The rice straw was
conventionally dried under sunlight and then
weighed to identify its weight (kg).

Figure 3. Harvesting rice in the standard plot (OTC) at Can Huu commune

2.1.3. Processing steps

The schematic diagram shows how to
handle data in this research: image cropping,
spatial  resolution  enhancement, color
combination, training sample selection, the

Sentinel-2 image
(25/08/2020)

Sentinel-2 image
(09/11/2020)

Machine -SVMs
noise  filtering,
transformation, accuracy assessment, analysis,

Support Vector
classification,

image
vector

and result validation. Some main steps are
presented in the Fig. 4.

In-situ measurement of dry
rice biomass (15/10/2020)

Sentinel-1 image
(21/09/2020)

I ] |
< SVM classification ) < SVM classification ) C Multiple linear regression b
12 v Y

Areas of burned rice fields |4 Areas of rice cultivation

Dry-weight biomass

Y

estimation

¥

Total amount of burned rice straw

¥

Total amount of gas emission

Figure 4. Main processing steps applied in this study
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2.2. Identifying the amount of rice dry
biomass

2.2.1. Areas of rice cultivation

* Selection of training samples

Before supervised classification, the
training samples were identified by selecting
from the natural color composite of
multispectral bands with visual interpretation
criteria. A set of samples (ROIs) for each land
cover category was selected with an average

of 300 pixels corresponding to each sample.
Then, the separability between different land
cover categories was calculated, providing a
good result in values ranging from 1.9 to 2.0.
Table 1 shows the samples of significant land
cover categories in the study area, where the
color and texture of each sample represent the
different categories of land cover, including
water bodies, residences, forests, rice fields,
grassland, and bare soil.

Table 1. Training samples are selected from natural color composite (B4, B3, B2)

No| Land cover

Description

Sentinel-2

1 [Waterbody
shapes.

ILight blue or purple color. The texture is relatively smooth. They have clear|

2 |Residence
intersperse with vegetation.

Deep pink color and patchy texture. They distribute along traffic routes and often|

3 |Forest
orchards.

IDark green color very rough texture. They include natural forests, plantations, and

4 |Grassland
where rice fields transfer to forest land.

ILight green color, smooth texture. They often concentrate around waterside areas,

5 Rice field
boundaries are pretty clear.

Very dark green or black color. The texture is relatively homogeneous. The

6 |Bare soil
construction works, mining areas.

Brown, light yellow color. Distributed mainly along roadsides, where there are|

* Image classifier using SVMs algorithm

To determine the area of Summer rice
cultivation in Quoc Oai district, the SMVs
classifier algorithm has been applied to
Sentinel-2 images. Currently, the SVM
algorithm is quite commonly implemented in
satellite image classification to simultaneously
map land use/land cover categories in urban
and suburban areas (Nemmour and Chibani
2006; Xiong et al. 2010). Although it has been
developed for about three decades, the results
of recent studies have demonstrated the
superiority of SVMs over other standard
classifier algorithms due to their ability to
generalize across various objects of interest
despite a limited training sample set (Colas

and Brazdil 2006; Medina and Atehortia
2019; Mountrakis et al. 2011). Moreover,
Paneque-Gaslvez et al. (2013) noted that the
SVMs algorithm accurately maps land cover
categories in a large, heterogeneous tropical
region (Paneque-Gaélvez et al. 2013).

2.2.2. Dry rice biomass

The purpose of regression analysis is to
find out the relationship between one variable
(often called the dependent variable) and one
or several other variables (often called the

independent variable) for estimating or
predicting the expected values of the
dependent variable when the value of

independent variables is known in advance
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(Pham 2015). This study used the method of
multivariable linear regression analysis for
identifying the correlation between dry rice
biomass with the backscatter coefficients at
V.V. and V.H. polarization of Sentinel-1
image, thereby giving a model that allows to
estimate the amount of dry rice biomass as the
following equation:
B =X+ Xi % Ryy + Xy X Ryy (D
Where B is dry rice biomass, Ryy and Ryy
are backscatter coefficients in decibels. X,
X;, and X, are coefficients determined by

correlation analysis based on in-situ
measurement data and satellite image data at
the same position. Ryy and Ryy are

independent variables, while dry rice biomass
measured in the rice field is considered
dependent. The weight of dry rice biomass in
25 OTCs among 30 OTCs was used for linear
regression analysis, and the remaining data in
5 OTCs were considered to validate the
model. The model was chosen based on the

correlation coefficient (R) and the square
rootof the mean error (RMSE) between the
measured and calculated data.

2.3. Estimating gas emissions by burning of
straw

2.3.1. Areas of burned rice straw

Identifying the area of burned rice fields
after harvest has several limitations, and its
accuracy is not sufficiently adequate.
Traditional survey methods provide deficient
spatial coverage. In addition, the survey results
may also comprise some biases due to the
subjective opinions of surveyors. Classifying
multispectral images provides an alternative
approach, which allows us to directly detect the
burned zones through the specific color of
burned straw on satellite images (Table 2). This
method has a considerable advantage because
it can be easily applied to almost all optical
satellite images.

Table 2. The characteristics for visual interpretation of burned rice fields

Survey photos

No |Land covers IDescription Sentinel-2
1 A Harvested but no other activities, no burning of straw,
land no grass growing back :
2 B Harvested and covered by weeds
3 C Harvested and burned rice straw i
- -,
il
Furthermore, the accuracy of image human activities, a set of different land cover

classification at a regional scale can be
enhanced by exploiting high spatial resolution
images and available GIS data. By applying the
super-resolution model, multispectral bands of
Sentinel-2 images have been improved to reach
a finer spatial resolution (10 m x 10 m),
allowing the identification of the burned areas
accurately. However, due to the complexity of
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categories can include different land use (e.g.,
residential land or agricultural land) or
designated land use stages (e.g., paddy fields or
harvested rice fields) or special activities on the
ground (e.g., burned rice fields or unburned
rice fields). To obtain vital information
regarding RSOB (rice straw open burning) and
improve the overall accuracy of classification,
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the number of categories has been limited
using classified rice cultivation boundaries
obtained in the previous section 2.2.1. After
limiting the classification target, the SMVs
classifier was again applied to the second
Sentinel-2 image using training samples issued
from visual interpretation for identifying
burned rice fields.

2.3.2. Gas emission from Summer rice crop in
2020

Estimating gas emissions from the burning
of rice straw is based on the quantity of rice
straw burned and the emission coefficients
(E.F). In this study, the amount of gas
emissions was estimated using the following
formula (3) (Kanabkaew and Nguyen 2011):

n
Emyij = Z MjxEFy; ©)
J

Where: i is pollutant i; j is plant j;

Em;; is the emission of pollutant i
from plant j;
M; is the burned biomass from plant
j (kg/year);
EF;j is the emission coefficient of
pollutant i from plant j (g/kg).

Accordingly, the emission -coefficients

(g/kg) of some emitted gases by the burning
of rice straw are shown in Table 3 (L& et al.,
2020).

Table 3. Emission coefficient of pollutants (g/kg)

No|Pollutants| Emission |No|Pollutants| Emission
coefficients coefficients
(EF;) (EF;)
1 PM,, 9.1 4 CO 93
PM; 5 8.3 5 NH; 4.1
3 CO, 1177 6 CH, 9.59
3. Results

3.1. Areas of rice cultivation and areas of
burned rice straw

* Validation

Image classification results can be affected
by various factors, such as the classification
approach, the algorithm wused, and the
configuration of the satellite image. In this
study, the accuracy of the SVMs classifier
using Sentinel-2 images was independently
estimated based on the validated samples
selected by visual interpretation of Google
Earth images captured during the same season
(June 2020) (Labib and Harris, 2018). A field
survey was also conducted in October 2020 to
compare the obtained classes with objects on
the ground.

Table 4 presents validated samples
collected through visual interpretation using
several criteria: position, structure and shape,
tone/color, and association (Estes, Hajic, &
Tinney, 1983). Land cover categories can be
identified due to the high spatial resolution of
Google Earth images. The validation dataset
includes 12 samples with an average of 300
pixels/sample for each land cover category.

Table 4. Validation samples of land cover were selected from Google Earth image

No Land cover G.E. No Land cover G.E.
1 |Water bodies 4 Grassland -
2 |Residence 5 Rice field -
3 |Forest 6 Bare soil - "
The accuracy of classification is Kappa index (Cohen 1960). Sentinel-2 image

considered through the error matrix and

captured on 26 August 2020 has been used for

389



Nguyen Cong Giang et al.

determining the spatial distribution of rice
cultivation land, and it has provided an overall
accuracy of 86.31% (3338374/3867696) with
a Kappa index of 0.81. The Sentinel-2 image
captured on 9 November 2020 has been
exploited for identifying the spatial
distribution of burned rice fields, and it has
offered an overall accuracy of 89.19%
(3797907/3867696) with a Kappa index of
0.85. From the mentioned results, it is shown
that the overall accuracy and the Kappa index
are adequate, respectively (> 80% and k > 0.8)

for reliable results (Wilhelm 2008).
* Comparison with high spatial resolution

images
To  wvalidate the obtained SVMs
classification, the contour of the rice

cultivation land extracted from the Sentinel-
2A image (26 August 2020) was overlayed on
the Google Earth image (June 2020). The two
random frames in Fig. 5 show the geometric
and thematic match between the two datasets

in the validation context.

Figure 5. Comparison of rice cultivation extracted from Sentinel-2A and G.E. image: (I) Rice extracted
from Sentinel-2A. (IT) Color composite (B8, B11, B4) of Sentinel-2A image. (III) Extracted rice overlays
on G.E. image. For the location of frames, refer to Fig. 6

* Spatial distribution

From the classification results using the
SVMs classifier, we can map the area of rice
cultivation land (Fig. 6a) and the area of
burned rice fields in Quoc Oai during the
harvesting of Summer rice crops in 2020
(Fig. 6b).

Obtained statistical data on the area of
burned rice fields by commune are presented

in Fig. 7. The analysis shows that Dong
Quang commune has the most significant
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areas of burning rice straw (34.41 ha),
followed by Ngoc Liep commune (28.41 ha)
and Can Huu commune (23.47 ha). These are
also communes with a large rice cultivation
area in the Quoc Oai district. Some
communes have relatively small areas of
burning rice straw, such as Tan Phu
(0.08 ha), Hoa Thach (0.4 ha), Phu Man
(0.6 ha), and Yen Son (0.66 ha). Due to the
tiny rice cultivation land, only Dai Thanh
commune has almost no burned rice area.
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Figure 6. Summer rice crop of Quoc Oai district in 2020:
(a) Distribution of rice cultivation land issued from Sentinel 2 (26 August 2020);
(b) Distribution of burned rice fields issued from Sentinel 2 (09 November 2020)
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Figure 7. Allocation of area from burning straw by the communes for Summer rice crop in 2020
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3.2. Dry rice biomass

The analysis of the regression model
between dry rice biomass with backscatter on
radar image (Pham 2015), the amount of dry
rice biomass, which dual polarization V.V.
and V.H. calculated, shows a high correlation
coefficient (R=0.923 and R°=0.852) and
relatively low mean error (RMSE=
6.58 kg/100 m®), it can be noted that dry rice
biomass and backscatter response V.V. and
V.H. of Sentinel-1 image are highly

105°30'0"E

correlated. The regression equation to
calculate the weight of dry rice biomass has
the following form:
B =24.60 + 361.75xRyy + 1210.54xRyy  (3)
We applied correlation model (3) to
calculate dry rice biomass for each pixel of
the Sentinel-1 image (100m?). The area of rice
land cultivation was then used to separate the
rice biomass value from the ones of other land
cover categories. The obtained results are
shown in Fig. 8.
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Figure 8. Dry rice biomass of each pixel for the Summer rice crop of Quoc Oai district (kg/100m?)

The obtained map shows that the dry rice
biomass of Quoc Oai district mainly ranges
from 50 to 200 kg/100 m? because the amount
of dry rice biomass depends on the rice
variety, fertilization level, soil type, climate,

irrigation conditions, and season (Pham
2019). After obtaining the rice biomass per
pixel, data from the remaining 5 OTCs was
analyzed to validate the model; the results are
shown in Table 5.

Table 5. Comparison of rice biomass issued from different data sources

No Dry rice biomass issued from in-situ | Dry rice biomass issued from radar Error
measurement (kg/100m?) image (kg/100m?) (kg/100m?)
1 107.0 104.4 -2.6
2 113.0 99.8 -13.2
3 116.0 107.0 -9.0
4 89.0 92.8 3.8
5 83.0 92.9 9.9

The above comparison shows a high
correlation between dry rice biomass collected
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from the field and dry rice biomass calculated
from satellite images. The mean error of
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2.18% is acceptable with a root mean square
error (RMSE) of 11.1 kg/100 m’.

The total rice biomass per pixel was
calculated, and thereby, the total dry rice
biomass of Quoc Oai district for the Summer
rice crop 2020 was 28728.53 tons, with an
average of 112.63 kg/100m”. This amount is
equivalent to 11.26 tons/ha, of which 2037.91
tons of rice straw were directly burned on the
field.

3.3. Amount of gas emission from burning
activity on rice fields

After determining the area of burned rice
fields and the weight of dry rice biomass per
pixel, the amount of burned rice biomass of
2037.91 tons can be identified. Since then, the
amount of gas emission from the burning of
rice straw has been determined through the
formula (2). The total emissions are shown in

Table 6 and demonstrated for each commune
(Table 7).

Table 6. Amount of gas emissions after harvesting Summer rice crop in 2020
No Pollutants Emitted volume (tons) No Pollutants Emitted volume (tons)
1 PMj 18.8673 4 CO 189.5182
2 PM, s 17.2087 5 NH; 8.5007
3 CO0, 2398.6086 6 CH, 19.8833

Table 7. Allocation of gas emissions from burning straw by the communes of Quoc Oai district for

Summer rice crop in 2020 (tons)

Commune name PM;, PM, 5 CO, CO NH; CH,
Quoc Oai 493.60 450.21 63842.08 5044 .45 222.39 520.18
IPht Man 68.04 62.06 8799.21 695.26) 30.65 71.70
IPhu Cat 665.23 606.75 86038.47 6798.52, 299.72 701.05
IHoa Thach 32.87 29.98 4251.81 335.95 14.81 34.64
Tuyét Nghia 908.20 828.36 117466.76 9281.57, 409.19 957.10
Pong Yén 568.58 518.60), 73541.14 5810.81 256.18 599.20
ILiép Tuyét 1127.34 1028.24] 145812.53 11521.30] 507.93 1188.06
INgoc Liép 3265.29 2978.23 422334.96 33369.11 1471.18 3441.11
Ngoc My 680.14 620.35 87969.97 6950.89 306.44] 716.76
Can Hiru 2388.07 2178.13 308874.38 24405.54 1075.94 2516.66
INghia Huong 903.06 823.67 116801.94 9229.04 406.87 951.68
Thach Than 126.51 115.38 16362.35 1292.79 57.00 133.32]
Pong Quang 3886.23 3544.59 502647.86 39716.18 1750.94 4095.49
Sai Son 1264.13 1152.99 163502.88 12919.09| 569.55 1332.19
'Yén Son 55.00) 50.16 7113.41 562.06) 24.78 57.96
Phuong Cach 134.55 122.72 17401.76 1375.09) 60.62 141.80
Tan Phu 8.87 8.09) 1147.88 90.70 4.00 9.35
Pai Thanh 0.00) 0.00 0.00 0.00| 0.00| 0.00
Tan Hoa 78.95 72.01 10210.91 806.81 35.57 83.20
Cong Hoa 1315.28 1199.65 170118.79 13441.84 592.60) 1386.10
Pong Xuan 897.39 818.50) 116069.49 9171.17, 404.32 945.71

Table 6 shows the highest amount of CO,
emitted from burning rice straw in Quoc Oai
district (2398.6 tons/crop) because CO; is the
main product of the combustion process. CO
is a second product with 189.5 tons/crop
because the rice straw is not completely dry or

burned in high-humidity weather conditions.
Fine dust PM10 and PM2.5 also have high
concentrations due to incomplete combustion.
Dong Quang, Ngoc Liep, and Can Huu
communes are the main rice-producing
communes of the district, so they have a large
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area of burned rice straw with a considerable
amount of gas emissions. These communes
have many favorable conditions in terms of
land, topography, and water resources. They
are all located along significant traffic roads
with rapid wurbanization. Otherwise, the
demand for straw for cooking is not so high.
Therefore, the burning of rice straw takes
place in fields to a large extent.

Meanwhile, some communes in the west,
such as Hoa Thach, Dong Xuan, Phu Cat, and
Phu Man, occupy a large area. Still, the
amount of gas emissions from burning rice
straw is not crucial because these communes
are located in landforms with high elevations,
mainly hilly areas with degraded soil,
unfavorable for rice -cultivation. Farmers
mainly grow corn, tea, or other fruit trees in
these communes.

3.4. Discussions

Quoc Oai is a rural district of Hanoi city,
located in the transitional region between
mountains and plain, for nearly 90% of the
population living in rural areas. The results
show that after the Summer rice crop of 2020,
Quoc Oai district yielded 26570.63 tons of
rice straw, of which 2037.91 tons have been
burned, accounting for more than 7%. It is
still a significant number in the overall goal of
Hanoi city of no longer burning rice straw by
2020 (Quéan 2019). This activity has emitted
an amount of gas emissions, including 2398.6
tons of CO,, 189.5 tons of CO, 18.8673 tons
of PM;, dust, 17.2087 tons of PM, 5 dust, and
several other gases.

Otherwise, the area of rice cultivation land
in the eastern region of Hanoi city has been
reduced due to urbanization. In contrast, rice
fields have considerably remained in the
western region along the floodplain of Day
River, including the Quoc Oai district. At
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these places, rice straw burning activity has
gradually occurred and caused toxic agents
that have affected local air quality, the
surrounding area, and the city.
Therefore, the identical treatment procedure
mentioned in the above section has been
applied to identify the amount of dry rice
biomass during the harvest season of summer
rice crops in this broad region to reduce gas
emissions. Figure 9 shows the location of rice
cultivation land for Summer rice crops in
2020 (73880.1 ha). These rice fields yielded a
total of 193777.37 tons of dry rice biomass.
The area of burned rice fields (4018.4 ha) is
aggregated in large patches in rural districts
such as Quoc Oai, My Duc, Chuong My, and
Ung Hoa. Burning rice straws in Vietnam is
also happening in other localities, causing
severe air pollution, and the situation is
forecasted to worsen over the coming years if
the regulations are not effectively managed by
modern tools such as remote sensing.

However, rice straw is a valuable resource,
and its use as a raw material is recommended
instead of burning. It could be converted for
many purposes, such as animal feed
preparation (Mai 2011), mushroom cultivation
(Nguyén 2018), organic fertilizer, hydrogen
production (Morya et al. 2023), construction
materials - ultra-lightweight concrete (Ta et
al. 2010), biomass briquette (Hossen et al.
2019), charcoal briquette (Narzary et al.
2023), bioethanol production (Takano and
Hoshino 2018), or straw pulp and paper-
making (Kaur et al. 2017). Therefore,
monitoring greenhouse gas emissions due to
burning is estimating the weight of dry rice
biomass and the amount of gas emission after
harvest to help authorities propose adequate
policies that allow the wastage of biological
resources to be avoided and minimize
environmental pollution.
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Figure 9. Summer rice crop of the western region in 2020:
(a) Distribution of rice cultivation land issued from Sentinel 2 (26 August 2020);
(b) Distribution of burned rice fields issued from Sentinel 2 (09 November 2020);
(c) Dry rice biomass of each pixel (kg/100m”) from Sentinel 1 (21 September 2020)
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4. Conclusions

With coefficient R=0.923 corresponding to
R?=0.852 and relatively low root mean square
error (RMSE=6.58 kg/100m®), the results
demonstrate that the weight of dry rice
biomass and the values of V.V. and V.H.
backscattering in Sentinel-1 image is strongly
correlated. The regression analysis associated
with the supervised classification methods can
be applied to Sentinel 1/2 images to provide a
reliable result, primarily when the survey
must be carried out on a broad territory.
Optical and radar images separately have
advantages and disadvantages in monitoring
rice crops. However, this study has realized
their combination to overcome limitations and
prove their benefits. This study shows that
satellite data from the Sentinel hub (free of
charge and free of use) is sufficient to
accurately calculate the amount of gas emitted
from burning straws. For this stage, the open
burning of rice straw has been investigated at
the district level. However, the study's
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findings indicate the ability to adequately use
identical techniques and methodologies when
expanding to analyze data for a broader
territory such as the western region of Hanoi
city. Due to its adequate accuracy, the
obtained information is meaningful for urban
environment management, especially in
reducing straw-burning emissions.
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