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Abstract: Accurately mapping crop aboveground biomass (AGB) in a timely manner is crucial for
promoting sustainable agricultural practices and effective climate change mitigation actions. To
address this challenge, the integration of satellite-based Earth Observation (EO) data with advanced
machine learning algorithms offers promising prospects to monitor land and crop phenology over
time. However, achieving accurate AGB maps in small crop fields and complex landscapes is still an
ongoing challenge. In this study, the AGB was estimated for small sugarcane fields (<1 ha) located in
the Kumphawapi district of Udon Thani province, Thailand. Specifically, in order to explore, estimate,
and map sugarcane AGB and carbon stock for the 2018 and 2021 years, ground measurements
and time series of Sentinel-1 (S1) and Sentinel-2 (S2) data were used and random forest regression
(RFR) and support vector regression (SVR) applied. Subsequently, optimized predictive models
used to generate large-scale maps were adapted. The RFR models demonstrated high efficiency
and consistency when compared to the SVR models for the two years considered. Specifically, the
resulting AGB maps displayed noteworthy accuracy, with the coefficient of determination (R?) as
0.85 and 0.86 with a root mean square error (RMSE) of 8.84 and 9.61 t/ha for the years 2018 and 2021,
respectively. In addition, mapping sugarcane AGB and carbon stock across a large scale showed
high spatial variability within fields for both base years. These results exhibited a high potential for
effectively depicting the spatial distribution of AGB densities. Finally, it was shown how these highly
accurate maps can support, as valuable tools, sustainable agricultural practices, government policy,
and decision-making processes.

Keywords: sugarcane; aboveground biomass; carbon stock; remote sensing; earth observation; time
series; Sentinel-1; Sentinel-2; machine learning; model transferability

1. Introduction

Climate change constitutes a significant challenge for humanity, resource managers,
and policymakers [1]. Mitigating climate change has become a focal point of global efforts.
One strategy recognized for its potential in climate change mitigation results is carbon
storage in the form of aboveground biomass (AGB) of plants [2,3]. Within this context,
remote sensing plays a key role in mapping and estimating vegetation AGB over large
regions, even for those areas not accessible [4-6].

Sugarcane, belonging to the Poaceae family, is a monocotyledon Cy plant, and it
has the capacity to fix carbon dioxide (CO,) in comparison to other plants (i.e., beans
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belonging to the Leguminosae family). Sugarcane’s photosynthesis process allows the
storage of aboveground and belowground carbon in different plant organs. These sugarcane
characteristics can store AGB, with a total dry mass of sugarcane equal to 2.5 tons (t) /ha [7,8].
However, it is well known that several factors affect the biomass storage and carbon
fixation capabilities of sugarcane, including environmental conditions, fertilizers, crop
phenological stage, and crop variety [9,10]. Knowledge regarding these drivers plays a key
role in the successful management of sugarcane cultivation in order to maximize its carbon
sequestration potential.

Thailand has been a global leader in sugarcane cultivation. According to an FAO
report [11], alongside Brazil, India, and China, Thailand ranked among the top four global
producers of sugarcane in 2021. The sugar industry in these countries plays a crucial
economic role, contributing significantly to the national economy [12,13]. Moreover, sugar-
cane cultivation and the related sugar industry have been key components of Thailand’s
agricultural and economic landscape. In 2022, Thailand saw a substantial increase in the
total cultivation area, reaching 3.4% from 2020. The northeast region of Thailand emerges
as a key player, accounting for 43% of the country’s sugarcane cultivation areas. The
favorable weather conditions and ample water availability of this region make it suitable
for sugarcane cultivation [14]. Several government policies have also played a role in
shaping the sugarcane landscape. By changing rice in unsuitable areas to sugarcane, cas-
sava, and oil palm cultivations, the government aims to optimize agricultural practices
and incentivize sugarcane farming. This strategic approach is aimed at supporting sugar-
cane farmers to increase their cultivation and contribute to the prosperity of Thailand’s
sugarcane industry [12,15].

However, the environmental impact of agricultural practices, particularly in the north-
east region of Thailand, is a growing concern. Surplus agricultural products, including
materials like rice straw, sugarcane leaves, and cobs have historically been disposed of
through burning or left without proper management, leading to negative environmental
consequences. Specifically, the improper burning of agricultural waste materials fuels the
emission of carbon dioxide (CO,), the release of air pollutants PM 2.5, and contributes
to global warming [16]. Consequently, monitoring AGB and carbon stock is crucial for
assessing climate change impacts and ensuring sustainable crop management. The integra-
tion of biomass data from both field measurements and remote sensing satellites provides
valuable insights into AGB dynamics across various scales, ranging from local to global, as
mentioned in the review of Kumar and Mutanga [4].

To alternatively inform the related stockholders, accurate and rapid mapping aimed
at estimating sugarcane AGB and carbon stock quantification is useful. The studies of
Mansaray et al. [17], Wang et al. [18], Wang et al. [19], and Li et al. [20] have shown highly
accurate mapping of crops AGB (i.e,, rice, sugarcane, graze, and rubber tree) using multiple
remote sensing data and powerful machine learning regression models. Therefore, satellite-
based Earth Observation (EO) data can offer valuable information on wide geographical
areas in a timely and cost-efficient manner.

EO data have emerged as a crucial tool for mapping and monitoring vegetation and
land surface dynamics over large regions in near-real time, offering a cost-efficient ap-
proach [5,6,21]. The use of multiple EO data sources for mapping vegetation AGB and
phenological dynamics, including crop growth and forest changes, has demonstrated high
efficiency and feasibility [5,6,22,23]. Numerous studies have underscored the pivotal role
of integrating various EO data sources, such as Moderate Resolution Imaging Spectrora-
diometer (MODIS), Landsat, Gaofen-1, Sentinel-1 (S1), and Sentinel-2 (52), for estimating
vegetation biomass at regional scales [19,24-27]. These studies have demonstrated high
accuracy and satisfaction in rapidly monitoring and mapping vegetation AGB, particularly
in the context of crop sectors.

Starting from 2015, the Copernicus S1 and S2 satellites have provided images with
high-temporal (5-12 days) and geometric resolution (ground sample distance equal to 10 m),
making them highly valuable for tracking rapid crop phenological dynamics [17,28-31].
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Moreover, data from these sensors are freely available, permitting land surface monitoring
of the earth’s surface in different regions and geographic areas even in contexts where
affordability is limited [19,32-34]. The main benefits of S1 and S2 data can be found in their
potential value in mapping and monitoring land surface, the AGB of vegetation, and crop
phenological applications [19,21,33,35]. Consequently, several research efforts have used
advanced innovative machine learning regression methods, such as multiple linear regres-
sion (MLR), random forest regression (RFR), classification and regression trees (CART), and
support vector regression (SVR), for rapid mapping vegetation AGB [17,22,27,34,36-39].
Their studies demonstrated high AGB mapping accuracy when combining data derived
from multi-temporal S1 and S2 images.

Moreover, the integration of multi-temporal S1 and S2 data with advanced machine
learning regression methods has been proven effective in several studies. For instance,
Xu et al. [40] successfully mapped maize biomass in Changchun, Jilin province, northeast
China, using a combination of multi-temporal S1 and S2 data. They achieved a high accu-
racy with the coefficient of determination (R?) = 0.83 and the root mean square error (RMSE)
=3.9 t/ha. Ndikumana et al. [41] estimated rice height and biomass in Camargue, southern
France, from multi-temporal S1 and S2 data, obtaining high accuracy, with R? = 0.90 and
RMSE = 1.6 t/ha. Mansaray, Kanu, Yang, Huang, and Wang [17] also estimated rice dry
biomass in Tongxiang County, China, using S2, HJ-1 A and B, and Landsat 8 data, demon-
strating the best model accuracy of R? = 0.82 and RMSE = 1.9 t/ha. Zhu et al. [42] mapped
sugarcane biomass and yield in Guangxi province, China, by developing the vegetation
optical depth (VOD) from S1 data and green-red vegetation index (GRVI) using S2 images.
They achieved an R? = 0.82 and RMSE = 11.4 t/ha. Uribeetxebarria et al. [43] combined S1
and S2 data to estimate wheat biomass and yield in the Llanada Alavesa region in northern
Spain, obtaining high accuracy with R? = 0.95 and RMSE = 0.2 t/ha. In addition, Li, Wang,
Gao, Wu, Cheng, Ren, Bao, Yun, Wu, and Xie [20] also mapped the biomass of rubber
plantations in Hainan island, China, using S2 and Landsat data, achieving high accuracy
(R?=0.97 and RMSE =7.7 x 10~? t/ha). Their results proved highly accurate with excellent
mapping crop biomass based on combining multi-temporal S1 and S2 satellites and the
great machine learning regression methods.

However, smallholder systems, complex landscapes, and cloudy regions that char-
acterize Thailand remain challenges in mapping crop biomass, especially in estimating
the AGB of sugarcane plantations. Moreover, the combined S1 and S2 time series data for
mapping sugarcane AGB in small field sizes and complex landscapes like the one involved
in this study is still an ongoing challenge.

Addressing study gaps, this research assessed the combination of a time series of 51
and S2 image data along with the RFR method in order to explore, estimate, and map
sugarcane AGB and carbon stock for the years 2018 and 2021 within the entire Kumphawapi
district. Subsequently, the optimized-feature predictive model developed in this work was
adapted to estimate AGB and carbon stock over large-scale maps such as the Udon Thani
province in Thailand. Consequently, the main objectives pursued in this work can be
summarized as follows:

e develop advanced machine learning models for estimating sugarcane AGB using a
combined time series of S1 and S2 data ground datasets;

e  estimate sugarcane AGB for 2018 and 2021 within the entire Kumphawapi district
using a combined time series of S1 and S2 together with machine learning methods;

e  map sugarcane carbon stock for 2018 and 2021 using sugarcane AGB maps and a
conversion factor;

e transform the optimized-feature predictive model and derive spectral information
with several additional indices for mapping AGB and carbon stock across the larger
geographic area of Udon Thani province in Thailand.

These objectives allow us to effectively monitor and understand the field variability of
sugarcane AGB and carbon stock, providing valuable insights for sustainable agriculture
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practices, understanding its carbon sequestration potential and ecosystem response, and
supporting zero-carbon policies.

2. Materials and Methods

The proposed methodology is aimed at estimating sugarcane AGB and carbon stock
using Copernicus Sentinel 1 and 2 data based on machine learning algorithms. Specifically,
the main steps require: (i) S1 and S2 time series preprocessing; (ii) predictive models’
application to estimate sugarcane AGB and carbon stock for two based years, namely, 2018
and 2021; (iii) transferability of the prediction models for large-scale mapping within the
Udon Thani province. The adopted workflow is reported in Figure 1.
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Figure 1. The framework of sugarcane aboveground biomass (AGB) and carbon stock estimation in
Thailand using the combined time series of Sentinel-1 (S1) and Sentinel-2 (S2) datasets together with
machine learning algorithms.

2.1. Study Area

Kumphawapi district, located within Udon Thani province, Thailand (from 16°50'00”
to 17°1500"”N; 102°48'00” to 103°10’00"E), was identified as the area of interest (AOI) in
this work (Figure 2). The AOI is characterized by highlands with rolling plains; the surface
elevation ranges from 160 to 310 m a.s.l. and covers a total area of 166,148.61 ha. In this area,
the primary water source for agricultural activities is the Nong Han Lake. The climate in this
area is categorized as tropical semi-humid wet/dry savanna (K&ppen climate classification:
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May to mid-October), (iii) winter (mid-October to mid-February). The mean temperature in
the region is 27 °C, and the average annual rainfall amounts to 1400 mm. Several crops are
cultivated in the Kumphawapi district, including rice, sugarcane, cassava, and para rubber.
However, crucial geographical factors such as climate, soil, water sources, and sunlight
make AOI highly suitable for sugarcane cultivation [44]. Specifically, sugarcane-cultivated
areas increased notably over time in the last year. Such behavior can be mainly attributed
to government policies promoting sugarcane cultivation and the rising demand driven by
the presence of two sugarcane mills in the region [45].
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Figure 2. Study area: background consists of an RGB composite of a Sentinel-2 (S2) image (in
November 2021), 90 sampling plots (red rectangle), sugar mills (yellow triangle), and a water
body (a); this region is located in Thailand (b); the study region in Udon Thani province is overlaid
with two Sentinel-2 tiles (c).

2.2. Field Data Collection

According to AOI climatic conditions and agronomic practices, sugarcane primarily
occurs during the dry season (from January to March) and the rainy season (from September
to November). The harvesting period typically takes place from mid-December to March,
aligning with the local sugarcane growth cycle [29]. Moreover, within AO], the arrangement
of sugarcane fields involves an inter-row spacing ranging from 0.2 to 0.4 m, while the row
spacing typically falls within the range from 1.2 to 1.5 m.

Between 1st November and 15th December in 2018 and 2021, a total of 90 sample
plots, 20 m? in size, were collected in order to estimate sugarcane AGB and carbon stock.
Specifically, the field data collection focused on Khonkaen-3 (KK3), the most commonly
cultivated sugarcane variety within AOI due to its suitability and good characteristics in
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102°0.00'E

102°30.00'E

the region [46]. For each plot, the following attributes were acquired at plot level: (i) five
coordinates (X, Y) (i.e., each corner and center plot); (ii) average height; (iii) total stalk
count; (iv) average diameter. The selection of the 90 sample plots was randomized to
ensure a representative sample and a comprehensive coverage of sugarcane plots within
the AOI (Figure 2). The geographical coordinates of each plot were acquired through the
UniStrong G10 global navigation satellite system (GNSS) receiver, manufactured by the
Beijing UniStrong Science & Technology company [47].

2.3. Sugarcane Field Database

This study obtained sugarcane field maps for the years 2018 and 2021, which were provided
by the Office of The Cane and Sugar Board [14]. In 2018, there were 41,673 sugarcane fields, and,
in 2021, there were 38,524 fields spanning the entire Udon Thani province (Figure 3). We
appreciate the provision of this database for our analysis. Subsequently, the sugarcane field
database for both years underwent thorough rechecking using photo interpretation with
RGB composites of S2 images (in November 2018 and 2021). The updated sugarcane fields
were then utilized to create masks for S1 and S2 data, which were used to map sugarcane
AGB and carbon stock in each field for the entire study region.
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Figure 3. The detailed sugarcane field across the Udon Thani province, Thailand, provided by the
Office of The Cane and Sugar Board [14]. The green areas are sugarcane plantations in 2018 (a) and
2021 (b).

2.4. Satellite Image

In order to estimate sugarcane AGB and carbon stock for the sugarcane crop, two
time series of S1 and S2 image data were used. The first one ranged from October 2017 to
December 2018, while the second one ranged from October 2020 to December 2021. The
collection period was selected according to the phenological development of the sugarcane
crop, which was the highest between October and December [21]. S1 and S2 satellites
were involved instead of others (i.e., Landsat and MODIS) due to their technical features
(i.e., high temporal, spatial, and geometric resolutions). It is well noted that the AOI is
characterized by having smallholder farms. The number of S1 and S2 images selected for
2018 and 2021, respectively, were reported in Table 1.

In this study, we selected all available S1 and 52 data, and the results showed that the
number of images in 2021 was less than in 2018.
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Table 1. Number of Sentinel-1 (S1) and Sentinel-2 (S2) images from October to December for two
based years (2018 and 2021) involved in mapping sugarcane aboveground biomass (AGB) and carbon
stock. The red and green colors are Sentinel-1 and Sentinel-2 image data, respectively.

Monthly

Sg;i:r 2017 2018
Oct Nov Dec Jan Feb Mar Apr May June Jul Aug Sep Oct Nov Dec
Sentinel-1 ') oo oo o0 ' oo i
o0 o000 L L] (X 1] L L] o0 (XX X)) o0
(Sl) L] (L] (L1} (L1} o000 o000 .
Ser1sti2nell-2 o0 L] (XX} (X 1] 0000 :: i e L] [ ] L] o000 o0 L L]

(S2) . ° '
Serlstiznezl_z (X1} o000 o000 (X 1] 0000 :: i e [ ] L] o000 L L] (X 1]
(S2) . ° °

Total 7 7 9 9 10 12 8 10 5 7 5 7 12 9 5

2020 2021
Sentinel-1 eooo b
(Sl) 00000 00000 (XX X)) (XXX} o000 (XX 1] (XX X]] o000 o000 (XX 1] . o000 o000 (XX 1]} o0
[ ]
Sensti21’1?1-2 L] o000 :: :: e e o000 o000 o0 (X1} L] o000 L[]

(S2) .o .o oo oo
Serlstiznezl_z L] o000 :: :: (XX Y] (XX 1] XL Y] L] o0 o000 L]
( ) [ ] ([ 1]

Total 7 13 16 17 13 14 13 9 9 5 8 6 5 13 5

Note: ! Sentinel-2 (T48QTD); 2 Sentinel-2 (T48QTE).

2.4.1. Sentinel-1 Data

Due to challenging environmental conditions (i.e., cloud, water vapor, fog, and smoke)
present in AOI, S1 SAR (synthetic aperture radar) level-1 Ground Range Detected (GRD)
images with C-band SAR in the interferometric wide-swath mode were involved [28].
Specifically, a total of 52 and 75 images, having a Ground Sample Distance (GSD) of
10 m?2, were downloaded, respectively, for 2018 and 2021 from the Copernicus Open Access
Hub. Preprocessing of the S1 data was conducted using the Sentinel Application Platform
(v7.0) [48], and a refined Lee speckle filtering algorithm was applied using a moving
window that was 7 x 7 in size [35]. Moreover, additional features such as VV/VH and the
radar vegetation index (RVI) were computed and involved in sugarcane AGB prediction
models [49].

2.4.2. Sentinel-2 Data

The S2 MSI (Multi Spectral Instrument) Level-2A (L2A) data, which underwent atmo-
spheric correction and covered two adjacent tiles within the study area, were collected [50].
A total of 70 and 78 scenes, having a cloud cover of less than 40%, for the years 2018 and
2021, respectively, were acquired. Specifically, the S2 bands involved in this work were
(i) B2, B3, B4, and BS; (ii) B5, B6, B7, B8a, B11, and B12, characterized by having a pixel
resolution of 10 and 20 m?, respectively.

To enhance the data quality, cloud masking was applied using the Scene Classification
(SCL) data [51]. This makes it possible to remove pixels classified as cloud and snow.
Subsequently, the six spectral bands characterized by having a 20 m? pixel size were
resampled to 10 m? using the nearest neighbor method. The choice of this pixel size
is particularly suitable for accurately analyzing small crop field sizes, as observed in
Thailand [52]. This analysis was carried out using the “raster” package in R version
4.2.2 [53].

Starting from the processed S2 images, several vegetation indices (VIs) were calculated.
VIs have been recognized as important features for characterizing crop phenological dynam-
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ics, especially for mapping and monitoring sugarcane health and AGB [21,29]. Therefore,
VIs involved in this study are the normalized difference vegetation index (NDVI) [54],
green normalized difference vegetation index (GNDVI) [55], normalized difference water
index (NDWI) [56], enhanced vegetation index (EVI) [57], normalized difference infrared
index (NDII) [58], soil-adjusted vegetation index (SAVI) [59], leaf area index (LAI) [60],
greenness index (GI) [61], moisture stress index (MSI) [62], ratio vegetation index (RVI) [63],
green ratio vegetation index (GRVI) [64], and normalized difference red/green redness
index (RI) [65]. These VIs were computed for each S2 image. Further details and specifics
about these VIs are reported in Appendix A, as outlined in Table A1.

2.4.3. The Median Compositing Approach

In this study, the median compositing (MC) method was involved to generate spa-
tiotemporally consistent and composite gap-free monthly images. The MC method is a
pixel-based operation aimed at selecting the median value from the time series of satellite
image data. This method has proven to be highly efficient in generating cloud-free and
consistent phenological information across a large region [66,67]. Recent studies have
underscored its significant advantage in computational efficiency, especially for monitoring
and mapping agricultural cultivation on a large scale with small crop field sizes as in Thai-
land [24,29]. The MC algorithm was used for all bands and VIs images at a monthly level,
covering the period from October to December for the two reference years. The resulting
52 datasets were photo-interpreted to assess the overall quality with high spatial resolution
images available on Google Earth Pro. This quality assessment process helped ensure the
high quality and accuracy of the generated image composites. Finally, an additional feature
was generated (hereafter called NDVImax) and incorporated by selecting the pixel with the
highest NDVI value from the NDVI images at a monthly level. This approach is valuable in
mitigating and minimizing the effects of adverse atmospheric conditions [68]. By utilizing
the maximum NDVI values, this indicator provides a robust representation of vegetation
health and growth, enhancing the accuracy and reliability of the analysis, especially when
atmospheric conditions may otherwise affect the data’s quality [5].

2.5. Estimated Aboveground Biomass (AGB) and Carbon Stock

In this study, the allometric Equations (1) and (2) developed and proposed by Youkhana
et al. [69] to estimate AGB and carbon stock across the complete sugarcane fields were
applied. The allometric equations provided a reliable relationship between the total vol-
umes and sugarcane AGB for each sampling plot. This makes it possible to accurately map
AGB and carbon stock for the entire sugarcane fields based on the observed data and the
established relationships. This study used the equations shown below.

AGB = 16.08(HVI)*” 1)

B; = AGB x SD )

where AGB is sugarcane aboveground biomass (unit: t); HVI is sugarcane plant height
(cm); 16.08 is the constant of modeling of the relationship between biomass weight and
plant height; SD is sugarcane stalk density in each plot; B; is sugarcane AGB per pixel (unit:
t/ha).

Subsequently, in order to estimate AGB and carbon stock, two different machine
learning methods were built. In particular, the RFR and SVR were considered. In order to
train the algorithms and validate the results starting from the 90 sampled plots, training
and validation sets were generated. In particular, 70% of the plots were considered for the
training dataset (63 plots) and 30% (27 plots) for the independent validation set. The RFR
and SVR predictive models were developed using R version 4.2.2.

It is worth highlighting that, due to the anomaly year with drought occurrences in 2018,
this study did not combine the training datasets from 2018 and 2021 to avoid overfitting
and noise within the RFR and SVR models. Furthermore, sugarcane crop growth for both
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base years is different in the greenness of the leaf, leading to the variability of spectral
signatures per field for different periods.

2.5.1. Feature Selection

To enhance the model’s performance in estimating sugarcane AGB, an extensive
analysis of more than 250 features was conducted for each year. Numbers of the predictors’
features involved in each year are reported in Table 2.

Table 2. All predictor features of a time series of Sentinel-1 (51) and Sentinel-2 (S2) data from October
to December for two based years (2018 and 2021) for estimating the sugarcane aboveground biomass
(AGB) and carbon stock using machine learning algorithms.

2018 2021
Predictor Variable
S1 S2 S1 S2
Feature information (all bands) 30 100 30 90
Vegetation indices (VIs) 30 130 30 117
Total (full feature sets) 60 230 60 207

This analysis encompassed all band information and derived vegetation indices (VIs)
measured in this study, serving as predictor variables for the models. The feature selection
process involved utilizing the recursive feature elimination procedure algorithm, specifi-
cally focusing on the “Increase of Mean Squared Error” (%IncMSE) from the random forest
(RF) model. This approach has been employed in previous studies and proves effective
in selecting important features by reducing the number of features while retaining their
relevance and significance as input variables for the predictive model [70].

The “random forest” package in R was employed to implement the important feature
selection, aiding in the identification and prioritization of features crucial for accurate
AGB estimation in the sugarcane fields. This rigorous feature selection process was essen-
tial in optimizing the model’s performance and refining the input variables to enhance
predictive accuracy.

The output of the top 20 important features for mapping sugarcane AGB and carbon
stock in 2018 and 2021 has been provided in detail in Appendix A and Table A2. Moreover,
the corresponding derived features obtained by combining time series of S1 and S2 data
were used in this study for the optimized RFR and SRV predictive models for mapping
sugarcane AGB across the study region (detailed in Table A2).

2.5.2. Random Forest Regression (RFR)

As mentioned in the previous paragraph, the RFR method was involved in estimating
sugarcane AGB. The RFR is an ensemble of multiple non-linear regression trees that can
reduce predictive model overfitting [71]. The executed bootstrapping with replacement
randomly chooses several training datasets, indicating individual decision trees (DTs)
that are later aggregated from the majority vote. In order to generate RFR results, two
parameters have to be set: (i) the number of trees (ntrees); (ii) the number of features
to randomly spilt in each node (mtry) [71]. The RFR predictor model in this study was
analyzed using the “random forest” package [72]. Subsequently, to discover the optimal
parameters for optimizing the predictor model, the “Grid Search” function, produced by
Bergstra and Bengio [73], was employed. The “Grid Search” involves an exhaustive search
over specified hyperparameter values to identify the best combination for the model. In
this study, we tried turning the parameters of the RFR models of ntrees from 100 up to
1500 (at step of 50), with mtry from 2 to 10 with an interval of 1. As a result, 500 trees and
8 mtry were determined to be the most effective hyperparameters. These settings were
consistently applied across all models.

The RFR models were constructed using the training dataset, utilizing the optimized
features as input variables. Subsequently, the best RFR predictor model for each respective
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year was utilized to accurately map sugarcane AGB across the entire study area, ensuring
the robustness and accuracy of the predictive models.

2.5.3. Support Vector Regression (SVR)

The second predictor involved in this work was SVR. SVR regression is a kernel-based
machine learning proposed by Cortes and Vapnik [74] and Vapnik [75]. The SVR method
normally requires a kernel function to transform training datasets into a highly dimensional
feature space for identifying the optimal hyperplane that increases the distance between the
hyperplane and the nearest positive and negative reference dataset [74]. For this work, a
radial basis function (RBF) was used. Moreover, to optimize the SVR model, a “Grid Search”
process similar to the one used for tuning the RFR was implemented using the “e1071”
package in R. This process involved systematically exploring various combinations of cost
(c) and gamma values to identify the best aggregation for the SVR model. The values of ¢
were experimented from —1 to 6 (at step of 1), while several gamma values were measured
from 0.5 to 6 (an interval of 2). In this analysis, the optimized c and gamma values were set
equal to 1 and 0.1, respectively.

The results of the root mean square error (RMSE) and coefficient of determination (R?)
with repeated cross-validation were employed to evaluate the performance of the RFR and
SVR predictive models for all three based years. Those models were used to classify the
selected S1 and S2 datasets and validate map results from the independent dataset.

2.5.4. Accuracy Evaluation

The performance of the optimal predictor models obtained through RFR and SVR
was rigorously evaluated using two key methodologies: (i) 10-fold cross-validation and
(ii) an independent validating dataset based on RMSE and the R? (Equations (3) and (4),
respectively). The constructed models and results with the highest R? and lowest RMSE
values are highly efficient estimation accuracy.

)

n o =2
RZ _ Z;:l (xl fl)z (4)
i (xi —X;)

where x; represents observations for training datasets, £; is the estimated yield, ¥; is the
mean value of observations, and 7 is the number of samples or the number of observations.

2.5.5. Calculation of Aboveground Carbon Stock

The AGB map results obtained for the two reference years, 2018 and 2021, were
utilized to derive the corresponding aboveground carbon stock. This calculation involved
multiplying the biomass values by a conversion factor of 0.47, as proposed by Eggleston
et al. [76]. The factor of 0.47 is a commonly adopted standard value for converting biomass
into carbon stock within vegetation.

2.5.6. Model Transferability

The predictive model optimized for the Kumphawapi district was leveraged to per-
form upscaling and map the sugarcane AGB and carbon stock of the entire Udon Thani
province. To achieve this, the sugarcane field database for the years 2018 and 2021, sourced
from OCSB, was utilized. The sugarcane map from the OCSB served as a fundamental
dataset for generating maps of sugarcane AGB and carbon stock (see more details in
Section 2.3). This mapping process involved integrating the sugarcane field database with
a time series of S1 and S2 datasets, using the best predictive model obtained through
optimization. This approach facilitated the extension of the study’s findings and models
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from the district level to a larger geographic scale, enabling insights into AGB and carbon
stock on a provincial level.

3. Results
3.1. Aboveground Biomass Estimation

In this study, the optimized models were effectively employed to map sugarcane AGB
across the study region. The importance of various features utilized in these models is de-
tailed in Appendix A, Table A2. Furthermore, a summary of the model performance based
on R? and RMSE values, derived from both 10-fold cross-validation and an independent
validating dataset, is presented in Table 3.

Table 3. R? and RMSE of the model accuracy and map validation results based on 10-fold cross-
validation and independent validating dataset using random forest regression (RFR) and support
vector regression (SVR) together with a time series of Sentine-1 (S1) and Sentinel-2 (S2) data.

Model Accuracy (10-Fold Cross-Validation)

Map Validation (Validating Dataset)

Method 2021 2018 2021
RMSE RMSE RMSE RMSE
2 2 2 2
R (t/ha) R (t/ha) R (t/ha) R (t/ha)
RFR 0.85 12.35 0.86 6.14 0.85 8.84 0.86 9.61
SVR 0.84 13.19 0.76 8.29 0.81 10.53 0.73 12.86

According to Table 3, comparing the RFR predictor model in 2021 to the other models,
it can be highlighted that it achieved high accuracy and efficiency (i.e., R and RMSE equal
to 0.86 and 9.61 respectively). For all models, the result values were slightly different
between model accuracy and map validation, and the overall effectiveness and reliability
of the RFR model, especially for the year 2021, were evident.

The estimated biomass results based on 27 sampling plots for two years (2018 and
2021) using the RFR and SVR are reported in Figure 4.
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Figure 4. The scatter plots of estimated biomass results based on 27 sampling plots using the random
forest regression (RFR) and support vector regression (SVR) together with a time series of Sentine-1
(S1) and Sentinel-2 (S2) data: (a,b) are the results for 2018 and 2021 using RFR; (c,d) are the 2018 and
2021 results obtained from the SVR models.
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Considering Figure 4a,d, it can be noted that the RFR models for the years 2018 and
2021 obtained RMSE values equal to 8.84 t/ha and 12.86 t/ha, respectively. Meanwhile,
R? values equal to 0.73 and 0.86 were obtained for the 2018 and 2021 years, respectively.
As expected, the RFR models for the two based years, 2018 and 2021, yielded the highest
effectiveness for sugarcane AGB estimation. Notably, the RFR 2021 model showcased excep-
tional accuracy, outperforming all other models. This superior accuracy was attributed to
the utilization of ground truth data and a dense time series of image data during November
each year in constructing the model. While the SVR results demonstrated good accuracy,
there is potential for further improvement by increasing the dimensionality of feature
spaces and/or incorporating more extensive reference data. This suggests opportunities
for enhancing the SVR model’s predictive performance to accurately map AGB.

The four models (i.e., RFR and SVR) for the two reference years were applied to predict
and map the intra-field AGB sugarcane within the AOI (Figure 5).
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Figure 5. The sugarcane aboveground biomass (AGB) map results obtained using the random forest
regression (RFR) and support vector regression (SVR) models together with a time series of Sentine-1
(51) and Sentinel-2 (52) datasets: maps (a,b) are the result of years 2018 and 2021 using RFR; maps
(c,d) are years 2018 and 2021 using SVR models.

Considering Figure 5a,b it can be highlighted that the estimated AGB from the RFR
predictive models are smooth and well distributed. Conversely, the two SVR models,
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reported in Figure 5¢,d exhibited inconsistent results when compared to the best map
results from the RFR predictive models and field measurements. This suggests that the
RFR models were particularly effective in capturing and representing the variability of
sugarcane AGB, resulting in more consistent and reliable predictions compared to the
SVR models.

3.2. Aboveground Carbon Stock Estimation

The derived sugarcane AGB maps based on the best RFR predictive model were
used to map aboveground carbon stock (as seen in the detailed information in Section 2.5)
(Figure 6).
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Figure 6. The derived aboveground carbon stock maps in 2018 (a) and 2021 (b) based on the random
forest regression (RFR) models were generated using the mapped sugarcane aboveground biomass
(AGB) for two years.

Considering Figure 6a,b, it can be noted that carbon stock spatial distribution exhibited
significant heterogeneity. In particular, the range value was between 18.80 and 72.85 t/ha.
In 2018, the mapped result revealed an average value of 33.03 t/ha, with a standard
deviation (SD) of 11.78 t/ha. Additionally, for the year 2021, the average carbon stock was
found to be 43.38 t/ha, with an SD of 16.32 t/ha. The mapped result in 2018 had a lower
carbon stock value than in 2021 due to droughts that occurred in this region.

This result is probably due to the starting carbon stock field variability. It is worth
noting that these levels of carbon stock density can be attributed to sugarcane growth and
yield [21,25,46]. Moreover, in Figure 6a, which considers the 2018 year, the highest carbon
stock densities were predominantly distributed in the north and southwest parts of the
AQIL Conversely, in Figure 6b, which considers the 2021 year, high carbon stock densities
were evident in the northern and southern parts. These carbon stock map results could
provide valuable insights for stakeholders and crop cultivation management. Notably, the
patterns of the spatial distribution observed in the carbon stock maps were similar to those
seen in the AGB maps, reinforcing the consistency and reliability of the findings.

3.3. Mapping Large-Scale Sugarcane Aboveground Biomass and Carbon Stock

The derived AGB maps over a large scale of the Udon Thani province (provincial
scale) were generated by the transferability of the optimized feature RFR models for each
based year, the results of which are shown in Figure 7.
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Figure 7. Results of aboveground biomass (AGB) in Udon Thani province, Thailand, in 2018 (a) and
2021 (b), generated by the optimized random forest regression (RFR) models and a time series of
Sentinel-1(S1) and Sentinel-2 (S2) datasets.

Considering Figure 7a,b, it can be highlighted that the AGB range is between 40 and
150 t/ha. However, some differences can be observed between the year 2018 and the year
2021. Specifically, in the year 2018, as shown in the frequency histogram in Figure 7a,
most of the lower estimated biomass results are characterized by having a value less than
45 t/ha. However, values above 90 t/ha appear to be very low. On the contrary, in 2021, as
presented in Figure 7b, biomass values are more homogeneously distributed, with values
ranging between 0 and 150 t/ha and with a slight peak for values below 40 t/ha.

In addition to some temporal differences, within the same year, it is possible to
highlight spatial differences; in fact, notable concentrations of high AGB and carbon
densities were highlighted in the southern and northern parts of the region, and these were
correlated with different sugarcane AGB densities. The high accuracy of the derived map
results provides crucial information, empowering stakeholders with insights necessary for
informed decision-making, efficient resource allocation, and strategic planning, ultimately
contributing to effective crop management and agricultural productivity.

The disparities in sugarcane AGB densities between 2018 and 2021 can be attributed
to extreme drought events in 2018, hindering sugarcane growth. In contrast, the year
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2021 experienced ample water availability for cultivation, resulting in a positive impact
on increased AGB densities and production. Furthermore, despite the government’s
supportive policy, including higher sugarcane prices for this year, cultivation prices (i.e.,
oil, labor, and fertilizer) have been increased.

Moreover, considering Figure 7, a similar spatial distribution of AGB values when
compared to the AGB map (see Figure 5a,b) can be highlighted. This can be related to the
optimized RFR models in this study and seems like our RFR models for both based years
can be used for mapping sugarcane AGB for other regions as well as on a national scale.

The spatial distribution of carbon stock within the Udon Thani province for the years
2018 and 2021 is reported in Figure 8. In particular, sugarcane carbon stock value ranged
between 18 t/ha and 72 t/ha. In the year 2018, the mapped result indicated an average
value of 21.07 t/ha with an SD value of 5.65 t/ha. In contrast, for the year 2021, the average
value increased to 26.69 t/ha, with an SD of 7.62 t/ha. In 2018, the highest carbon stock
densities were observed in the northeast, while the lowest values were demonstrated in the
southern part of the region, mirroring the pattern observed in the 2021 map. A comparative
analysis reveals that, in 2018, carbon stock densities were lower than those observed in
2021, with similar mapped results observed across the AOI area.
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Figure 8. The spatial distribution patterns of sugarcane aboveground carbon stock in Udon Thani
province, Thailand, in 2018 (a) and 2021 (b), produced using the aboveground biomass (AGB) maps.
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Comparing the mapped results of carbon stock (details in Figure 6) to the large-scale
result maps showed very similar spatial patterns for both based years when compared
pixel by pixel for the reference years.

These result maps shed light on the distribution and variations in carbon stock den-
sities across the region for the two years, aiding in understanding the carbon storage
patterns and dynamics, which are essential for environmental monitoring and sustainable
agricultural practices.

4. Discussion
4.1. Estimating Aboveground Biomass (AGB) and Carbon Stock

Starting from the RFR and SVR predictive models and using S1 and S2 time series
images, it was possible to map AGB and carbon stock values for 2018 and 2021. Generally,
an estimation of sugarcane AGB for all models was applied and achieved highly accurate
results (R? > 0.75 and RMSE < 14 t/ha). However, the RFR predictive models for both
based years show higher accuracies than the SVR models. Such a result may be related
to the S1 and S2 dense time series data during November for each year [21]. According
to a recent study, the RFR predictive model generally requires a high performance for
sugarcane AGB estimation, like in a previous study by Wang, Lu, Zhao, Sun, Zhang,
and He [18], wherein they highlighted the high accuracies of R? > 0.70. Furthermore,
Shendryk, Davy and Thorburn [37]; Xu et al. [77]; Wang, Zhang, Feng, Du, and Runge [26];
Zhu, Liu, Wang, and Tian [42]; and Fei et al. [78] indicated that the RFR method can be
applied for mapping many crop biomasses (i.e., sugarcane, wheat and alfalfa) in different
environmental conditions across local and regional scales. To compare the implemented
methods with other machine learning techniques, the study by Wang, Lu, Zhao, Sun,
Zhang, and He was considered [18]. Specifically, they assessed RFR, SVR, K-nearest
neighbor regression (KNN), and deep network regression (DNN) together with light
detection and ranging (LiDAR) for monitoring sugarcane AGB at a small field size in
Australia, demonstrating high stale performance in mapping AGB in all different periods.
On the contrary, Wang, Xiao, Bajgain, Starks, Steiner, Doughty, and Chang [19] estimated
the AGB of grazing pastures in two sites in the United States using MLR, SVR, and RFR
with multi-temporal S1, S2, and L8 datasets; their results showed the potential of the RFR
predictive model with accurate map results. Considering the work performed by Mansaray,
Kanu, Yang, Huang, and Wang [17], they evaluated the machine learning models (RFR,
SVM, KNN, and Gradient Boosting Decision Tree (GBDT)) together with S2, HJ-1, Gaofen-1,
and L8 datasets for monitoring rice in dry biomass at a small area in China; moreover, they
highlighted that RFR and GBDT are more appropriate for estimating rice biomass. These
results support the outcome provided in this study by using a time series of S1 and S2
datasets to map sugarcane AGB. Moreover, we transferred the highly efficient RFR models
to estimate sugarcane AGB across a large region.

Therefore, this study also fully confirmed that RFR demonstrated high potential
and more consistency for sugarcane AGB estimation for 2018 and 2021. In contrast, the
SVR predictive model requires testing in different geographical regions, different training
datasets, and different tuning parameters. It is worth noting that the RMSE and R? values
obtained with an RFR model for sugarcane AGB were lower than 10 t/ha and higher than
0.85 t/ha, respectively. Such results highlight the high efficiency of reference datasets (90
sampling plots). Moreover, the sugarcane AGB showed well-distributed values within
the AOI. Such results are in line with studies showing intra-field variability maps over
sugarcane fields [18,37,42,70].

Comparing the sugarcane AGB maps confirms that the year 2018 had lower AGB
densities (t/ha) than 2021. According to the Office of The Cane and Sugar Board [79], such
results can be related to drought occurrence that affected the AOI in 2018. In particular,
they report negative effects that led to the development of sugarcane. In addition, our
findings illustrated different AGB densities that are strongly related to sugarcane height.
The same results were found in previous studies [21,25,46,70]. In particular, starting from
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remotely sensed data, plant height, and the number of stalks, sugarcane crop biomass
has been mapped [18,21,46,70]. Moreover, recent studies [18,70] suggest the use of dense
time series image data to monitor sugarcane AGB, especially in inclement regions. This
study achieved highly satisfactory maps with excellent efficiency for small crop field sizes
(average 1 ha) and cloudy regions and provided valuable information for sustainable
agricultural management.

Our study showed the productivity efficiencies of estimating sugarcane carbon stock
based on AGB map results. Carbon stock maps for 2018 and 2021 showed intra-field
variability and spatial heterogeneity across the study region. A previous study [80] esti-
mated sugarcane carbon stock in different growth stages in the Si Sat Chanalai district,
Sukhothai Province, Thailand, using field measurements with three sampling plots and
calculating the dry weight of the biomass in order to calculate the carbon stock. Their
finding demonstrated the carbon stock for these plots; however, it did not appear in the
entire field /region. In this work, we successfully mapped sugarcane carbon stock across
the smallholder fields, as well as across the study region.

4.2. Large Scale Mapping

As expected, the RFR predictive models for both years offer great potential to generate
large-scale maps. The results highlight the spatial distribution of AGB and carbon stock
field variability within the Udon Thani province. The result of AGB and carbon stock maps
could be used to guide national or international environmental management, even for Thai
government policy on reducing carbon emissions. The resulting spatial AGB maps are also
important tools to inform and support the related stockholders for sustainable agricultural
development in order to increase productivity and production. Similar to several previous
studies [18,23,34,36,81], mapped results are beneficial for both sustainable management
and planting management. Therefore, the high accuracy of AGB and carbon stock maps in
this study could provide valuable information.

4.3. Uncertainty and Limitations

In this study, we focused on sugarcane AGB and carbon stock mapping by combining
S1 and S2 time series data, aiming to achieve efficiency and consistency, especially in small
fields and cloudy regions. However, some uncertainties and limitations that should be
acknowledged and addressed for future research were identified:

(i) this analysis did not consider the different phenological stages of the sugarcane crop.
A better overview of the phenological dynamics, such as variations in height, stem
density, and the diameter of the sugarcane crop at different growth stages, could
provide valuable insights into the biomass volume prediction at the field level, as
shown in a recent study [18];

(if) the number of training and validation samples considered in the analysis is crucial to
improve the accuracy of predictive models;

(iii) other powerful ML/deep learning algorithms can be explored with multiple sensor
sources for improving sugarcane AGB and carbon stock estimation across a large re-
gion in order to mitigate uncertainties and improve the overall predictive performance
of the models.

By addressing these uncertainties and limitations, future studies can refine the map-
ping of sugarcane AGB and carbon stock, contributing to a more accurate and comprehen-
sive understanding of biomass dynamics in sugarcane fields.

5. Conclusions

Combining Sentinel-1 (S1) and Sentinel-2 (52) with powerful machine learning (ML)
algorithms enables sugarcane aboveground biomass (AGB) and carbon stock mapping
within small crop field sizes and cloudy regions in Thailand. Specifically, in this study, AGB
and carbon stock map accuracy obtained from random forest regression (RFR) algorithms
applied on a time series of S1 and S2 data was obtained. Maps were generated for the years
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2018 and 2021. Accurate sugarcane AGB and carbon stock map can offer valuable insights
into sustainable agriculture practices and understanding its carbon sequestration.
The main outcome of this work can be summarized as follows:

e the RFR predictor models in 2018 and 2021 achieved high accuracy and efficiency with
R? > 0.85 and RMSE < 9.61, respectively;

e  high accuracy of the estimated AGB from the RFR models showed the smooth and
well-distributed variability of sugarcane AGB within each field;

e the results of the carbon stock map showed an average value of 33.03 t/ha and
43.38 t/ha for the years 2018 and 2021, providing valuable insights for stakeholders
and those involved in crop cultivation management;

e the generated maps allow one to calculate the distribution and variations of carbon
stock densities across the region for the two based years. This capability enhances our
ability to monitor changes in carbon stocks over time, contributing to effective climate
change mitigation strategies.

However, although the results obtained were satisfactory, some further exploration is
needed to refine the research, including (i) taking into account the phenological phases of
the crop; (ii) sample size assessment and predictive model accuracy; (iii) the exploration of
advanced ML/deep learning algorithms and the integration of multi-sensors. These are
further important suggestions that should be produced in future studies.

Finally, it is worth highlighting that the resulting maps can provide important tools
to inform and support farmers, industries, and governments for sustainable agricul-
tural practices and land management, as well as for finding solutions for reducing low
carbon emissions.
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Abbreviations

AGB Aboveground Biomass
AOQOI Area of Interest

S1 Sentinel-1

52 Sentinel-2

KK3 Khon Kaen 3-Sugarcane Cultivar for the Northeast
EO Satellite-based Earth Observation

GNSS  Global Navigation Satellite System
SAR Synthetic Aperture Radar

MSI Multi Spectral Instrument

VIs Vegetation Indices

MC Median Composite

HVI Sugarcane Plant Height

SD Sugarcane Stalk Density

B; Sugarcane AGB Per Pixel

RFR Random Forest Regression
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SVR Support Vector Regression

ML Machine Learning

R? Coefficient of Determination

RMSE  Root Mean Square Error

OCSB  Office of The Cane and Sugar Board

Appendix A

Table Al. The details of the derived vegetation indices (VIs) of Sentinel-2 (S2) data used for estimating
sugarcane aboveground biomass (AGB) and carbon stock and formula and references.

Indices Formula Definition Reference
Normalized difference vegetation index NIR—red _
(NDVI) NDVI = NR_red NDVI = (B8 — B4)/(B8 + B4) [54]
Green normalized difference vegetation NIR—GREEN _ _
index (GNDVI) NTRFCREEN GNDVI = (B8 — B3)/(B8 + B3) [55]
Normalized difference water index (NDWI) %M NDWI = (B3 — B8)/(B3 + BS) [56]
o N EVI =25 (BS — B4)/
NIR—RED
Enhanced vegetation index (EVI) 2.5 (NTRF6RED—7 SBLUE) 1 (BS + 6 B4 — 7.5B2) + 1 [57]
Normalized difference infrared index (NDII) %ﬁgjri% NDII = (B8 — B11)/(BS8 + B11) [58]
. . Lo _ SAVI = (B8 — B4)/(B8 + B4 + L) x
Soil-adjusted vegetation index (SAVI) % (L+1) ( L+ 1)/) L(: 05 ) [59]
Leaf area index (LAI) (3.618 x EVI — 0.118) LAI=(3.618 x EVI — 0.118) [60]
Greenness index (GI) GREEN GI=B3/B4 [61]
Moisture stress index (MSI) % MSI =B11/B8 [62]
Ratio vegetation index (RVI) % RVI=B8/B4 [63]
Green ratio vegetation index (GRVI) % GRVI =B8/B3 [64]
Normalized difference red/green redness RED—GREEN _
indlox (RD) RED_GREEN RI = (B4 — B3)/(B4 + B3) [65]

Table A2. Top 20 ranking importance of input features using the random forest regression (RFR)
models for the years 2018 and 2021 with a training dataset together with the combined time series of
Sentinel-1 (S1) and Sentinel-2 (S2) data.

RFR Model Important Feature

B08_median_Nov_2018, BSA_median_Nov_2018,
NDVI_median_Nov_2018,
NDVI_max_Nov_2018, NDVI_median_Oct_2018,
GNDVI_median_Nov_2018,
GNDVI_median_Oct_2018,
B08_median_Nov_2017, NDVI_max_Dec_2017,
B08_median_Dec_2017, BO5_median_Feb_2018,
B12_median_Jan_2018, BO4_median_Jan_2018,
MSI_median_Nov_2018, GRVI_median_Dec_2017,
VV_median_Dec_2017, BO6_median_Mar_2018,
RI_median_May_2018, LAI_median_May_2018
and VH_median_Jan_2017

B08_median_Nov_2021, BSA_median_Nov_2021,
NDVI_median_Nov_2021, NDVI_max_Nov_2021,
GNDVI_median_Nov_2021,
B07_median_Mar_2021,
GNDVI_median_Mar_2021,
NDII_median_Feb_2021, BO8_median_Nov_2021,

2021 B8A_median_Nov_2021,
NDVI_median_Nov_2021, NDVI_max_Nov_2021,
GNDVI_median_Nov_2021,
VH_median_Nov_2021, VH_median_Aug_2021,
VV_median_Aug_2021, VV_median_Oct _2020,
LAI_median_Apr_2021, B07_median_Mar_2021
and GNDVI_median_Mar_2021

Description: meaning of the important feature is Spectral or vegetation indices (VIs) information_Pixel-based
compositing method_Monthly_Study year.

2018
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