Springer Geography u

Wuttichai Boonpook AN\

Zhaohui Lin £ !

Nigel K. Downes
Quang ChiTruong Editors

I Applied
Geography and
Geoinformatics
for Sustainable

Development

Proceedings of 1CGGS 2023

@ Springer



Springer Geography

Advisory Editors

Mitja Brilly, Faculty of Civil and Geodetic Engineering, University of Ljubljana,
Ljubljana, Slovenia

Nancy Hoalst-Pullen, Department of Geography and Anthropology, Kennesaw
State University, Kennesaw, USA

Michael Leitner, Department of Geography and Anthropology, Louisiana State
University, Baton Rouge, USA

Mark W. Patterson, Department of Geography and Anthropology, Kennesaw State
University, Kennesaw, USA

Marton Veress, Department of Physical Geography, University of West Hungary,
Szombathely, Hungary



The Springer Geography series seeks to publish a broad portfolio of scientific
books, aiming at researchers, students, and everyone interested in geographical
research.

The series includes peer-reviewed monographs, edited volumes, textbooks, and
conference proceedings. It covers the major topics in geography and geographical
sciences including, but not limited to; Economic Geography, Landscape and Urban
Planning, Urban Geography, Physical Geography and Environmental Geography.

Springer Geography — now indexed in Scopus



Wuttichai Boonpook ¢ Zhaohui Lin
Nigel K. Downes * Quang Chi Truong
Editors

Applied Geography and
Geoinformatics for
Sustainable Development

Proceedings of ICGGS 2023

@ Springer



Editors

Wauttichai Boonpook
Department of Geography
Srinakharinwirot University
Bangkok, Thailand

Nigel K. Downes

Zhaohui Lin

International Center for Climate and
Environment Sciences - Institute of
Atmospheric Physics

Chinese Academy of Sciences
Beijing, China

College of Environment and Natural

Resources Quang Chi Truong
Can Tho University College of Environment and Natural
Can Tho City, Vietnam Resources

Can Tho University

Can Tho City, Vietnam

ISSN 2194-315X
Springer Geography
ISBN 978-3-031-84307-5 ISBN 978-3-031-84308-2 (eBook)
https://doi.org/10.1007/978-3-031-84308-2

ISSN 2194-3168 (electronic)

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature
Switzerland AG 2025

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

If disposing of this product, please recycle the paper.


https://doi.org/10.1007/978-3-031-84308-2

Contents

Assessment of Land Use Changes During Urban Development

in Hue City, Thua Thien Hue Province in the Period

of 2012-2022 . . . ... 1
Ho Nhat Linh, Nguyen Huu Ngu, Nguyen Van Binh,

and Huynh Van Chuong

Domestic Solid Waste Management in Rural Area: Case Study
in Phuoc Long District, Bac Lieu Province, Vietnam ................. 19
Nguyen Thanh Giao, Tran Tu Thien, and Nguyen Vo Chau Ngan

Monitoring Coastal Hydro-spatial Changes Along the Tanjung

Kupang Bay Using Imagery-Derived Bathymetry Approach........... 37
Kelvin Kang Wee Tang, Mohd Razali Mahmud, Wan Anom Wan Aris,

Othman Zainon, and Muhammad Hafiz Mohd Yatim

The Application of Geographic Information Systems to Assess

the Vulnerability of Flooded Areas by Using Artificial

Neural Networks in Phra Nakhon Si Ayutthaya Province ............. 53
Chiraphong Yanil and Teerawate Limgomonvilas

Assessment of the Landscape Stress Reduction Index: Case Study

of the Urban Park, Bangkok ..................................... 61
Thanchanok Srisiri, Kitsada Chompupan, Kritsanee Sangworakan,

Khemoapson Saengsree, and Asamaporn Sitthi

Wastewater from Aquaculture and Aquatic Products Processing:

Current Situation and Treatment Suggestions

in “Shrimp Capital” Bac Lieu Province, Vietnam. . .................. 71
Nguyen Vo Chau Ngan, Nguyen Van Cong, Nguyen Huy Hoang,

and Tien Hai Ly

Drought Assessment in Paddy Rice Fields Using Multi-temporal
SAR Data of Sentinel-1: A Case Study in Tra Vinh Province........... 97
Tien Duy Pham, Diep Thi Hong Nguyen, and Can Trong Nguyen


https://doi.org/10.1007/978-3-031-84308-2_1
https://doi.org/10.1007/978-3-031-84308-2_1
https://doi.org/10.1007/978-3-031-84308-2_1
https://doi.org/10.1007/978-3-031-84308-2_2
https://doi.org/10.1007/978-3-031-84308-2_2
https://doi.org/10.1007/978-3-031-84308-2_3
https://doi.org/10.1007/978-3-031-84308-2_3
https://doi.org/10.1007/978-3-031-84308-2_4
https://doi.org/10.1007/978-3-031-84308-2_4
https://doi.org/10.1007/978-3-031-84308-2_4
https://doi.org/10.1007/978-3-031-84308-2_5
https://doi.org/10.1007/978-3-031-84308-2_5
https://doi.org/10.1007/978-3-031-84308-2_6
https://doi.org/10.1007/978-3-031-84308-2_6
https://doi.org/10.1007/978-3-031-84308-2_6
https://doi.org/10.1007/978-3-031-84308-2_7
https://doi.org/10.1007/978-3-031-84308-2_7

vi Contents

Sustainable Dipterocarp Forest Land Management Assessment

at Yok Don National Park, Vietnam ............................... 115
Thuy Cuong Nguyen, Xuan Vung Nguyen, Thi Thanh Huong Nguyen,

and Thi Hong Diep Nguyen

Assess the Current Situation of Land Clearance for Cemetery Land
and Graveyards in Nhon Hoi Economic Zone, Binh Dinh Province . . . .. 133
Bui Thi Dieu Hien, Mai Thi Xuan Ngan, and Tran Minh Hoan

Exploration of the Urban Heat Island Phenomenon

and Air Temperature Estimation Using Machine Learning in Bangkok,
Thailand. . ....... ... ... 155
Peerapat Khaocharoen, Worrameth Supanno, Keerati Sansuk,

Narakorn Panyarukkit, and Sutatip Chavanavesskul

Crop Suitability Analysis Under Future Climate Change
in Chachoengsao Province . . . ......... ... ... .. ... ... ... .. ...... 175
Sathaporn Monprapussorn and Teerawet Titseesang

Enhancing Spinach Cultivation in Tan Uyen, Binh Duong

Province: An Experimental Approach Using Agricultural

By-products and Fish Pond Sludge for Compost Production. . ......... 185
Trung Thanh Dang, Minh Ty Nguyen, Vinh Hien Nguyen,

and Huynh Anh Tuyet Nguyen

Analyzing the Dynamics of Green Space Structure in Can Tho City
(2005-2020) Using Remote Sensing and Landscape Indicators . . . ... ... 199
Phan Kieu Diem, Tran Gia Hong, and Nguyen Kieu Diem

Evaluation the Effectiveness of Perennial Crop Land Use

by Applying the Fuzzy Analytic Hierarchy Process (FAHP)

in Phong Dien District, Thua Thien Hue Province ................... 217
Nguyen Van Binh, Tran Thi Dieu Hien, Ho Nhat Linh,

Tran Thi Anh Tuyet, and Hoang Thi Thai Hoa

Synthetic Aperture Radar (SAR) Imagery Time Series

Analysis for Change Detecting of Urban Development:

A Case Study of Can Tho City, Vietnam. .. ......................... 235
Trong Nhan Huynh, Hau Nguyen Quoc, and Tuyet Ngan Le Ho

Monitoring Air Quality in the Vietnamese Mekong Delta Using

Sentinel-5P TROPOMI Satellite . . . ........... ... ... ... ... ... .... 247
Nguyen Thi Hong Diep, Nguyen Trong Nguyen, Tran Phuong Thao Lam,

and Nguyen Thi Thanh Huong

PM, s Pollution Assessment and Quantification of Short-Term

Exposure Impacts on Public Health Using a Modeling Approach:

A Case Study of Ca Mau Province, Vietnam . ....................... 265
Phong Hoang Nguyen, Duyen Chau My Nguyen, and Long Ta Bui


https://doi.org/10.1007/978-3-031-84308-2_8
https://doi.org/10.1007/978-3-031-84308-2_8
https://doi.org/10.1007/978-3-031-84308-2_9
https://doi.org/10.1007/978-3-031-84308-2_9
https://doi.org/10.1007/978-3-031-84308-2_10
https://doi.org/10.1007/978-3-031-84308-2_10
https://doi.org/10.1007/978-3-031-84308-2_10
https://doi.org/10.1007/978-3-031-84308-2_11
https://doi.org/10.1007/978-3-031-84308-2_11
https://doi.org/10.1007/978-3-031-84308-2_12
https://doi.org/10.1007/978-3-031-84308-2_12
https://doi.org/10.1007/978-3-031-84308-2_12
https://doi.org/10.1007/978-3-031-84308-2_13
https://doi.org/10.1007/978-3-031-84308-2_13
https://doi.org/10.1007/978-3-031-84308-2_14
https://doi.org/10.1007/978-3-031-84308-2_14
https://doi.org/10.1007/978-3-031-84308-2_14
https://doi.org/10.1007/978-3-031-84308-2_15
https://doi.org/10.1007/978-3-031-84308-2_15
https://doi.org/10.1007/978-3-031-84308-2_15
https://doi.org/10.1007/978-3-031-84308-2_16
https://doi.org/10.1007/978-3-031-84308-2_16
https://doi.org/10.1007/978-3-031-84308-2_17
https://doi.org/10.1007/978-3-031-84308-2_17
https://doi.org/10.1007/978-3-031-84308-2_17

Contents

Above-Ground Carbon Sequestration Dynamics in Wattana, Bangkok
Over 20 Years. . .. ...
Sureeporn Nipithwittaya, Teerawate Limgomonvilas,

and Pakorn Meksangsouy

Greenhouse Gas Emission Inventories Across Industrial Sectors

in an Emerging Mekong Delta City. ... .......... ... .. .. .. ......
Diep Thi Hong Nguyen, Pham Thi Bich Thao, Phan Kieu Diem,

Nguyen Kieu Diem, Nigel K. Downes, Can Trong Nguyen,

Ho Ngoc Linh, and Nguyen Xuan Hoang

Land Use and Land Cover Dynamics Detection and Prediction

in Highland Area of Vietnam Using Logistic Regression: A Case

Study of Dam Rong District Lam Dong Province . ...................
Cuong Huu Nguyen, Cuong Van Nguyen, and Tien Ngoc My Nguyen

vii


https://doi.org/10.1007/978-3-031-84308-2_18
https://doi.org/10.1007/978-3-031-84308-2_18
https://doi.org/10.1007/978-3-031-84308-2_19
https://doi.org/10.1007/978-3-031-84308-2_19
https://doi.org/10.1007/978-3-031-84308-2_20
https://doi.org/10.1007/978-3-031-84308-2_20
https://doi.org/10.1007/978-3-031-84308-2_20

Drought Assessment in Paddy Rice Fields m)
Using Multi-temporal SAR Data S
of Sentinel-1: A Case Study in Tra Vinh
Province

Tien Duy Pham, Diep Thi Hong Nguyen, and Can Trong Nguyen

Abstract This study presents an innovative approach to mapping rice cultivation
patterns and assessing drought conditions in Tra Vinh province, Vietnam, using
multi-temporal Synthetic Aperture Radar (SAR) data from the Sentinel-1 satellite
and Vegetation Health Index (VHI) derived from Moderate Resolution Imaging
Spectroradiometer (MODIS) data. The research was conducted over the period
2014-2021 and made use of the Google Earth Engine (GEE) cloud computing plat-
form. The findings reveal a dominant prevalence of triple rice cropping, which
occupies approximately 75% of the total rice cultivation area in the province.
Further, there was a significant interannual variability in drought severity, with par-
ticularly severe conditions observed in 2015 and a resurgence in 2020/2021. Over
the study period, there has been a concerning trend of an increasing area affected by
mild and moderate drought conditions. The study highlights the potential of remote
sensing techniques, particularly SAR data, in monitoring agricultural systems in
tropical regions with frequent cloud cover. The results provide critical insights that
can inform sustainable agricultural planning, water resource management, and cli-
mate change mitigation strategies in Tra Vinh province and similar rice-producing

T. D. Pham
Rural Development and Natural Resources, Faculty of Agriculture and Natural Resources, An
Giang University, Long Xuyen, An Giang, Vietnam

Viet Nam National University, Ho Chi Minh City, Vietnam
e-mail: pdtien@agu.edu.vn

D. T. H. Nguyen (P<)

Department of Land Resources, College of Environment and Natural Resources, Can Tho
University, Can Tho, Vietnam

e-mail: nthdiep@ctu.edu.vn

C. T. Nguyen
Environment Centre, Charles University, Dejvice, Czech Republic

© The Author(s), under exclusive license to Springer Nature 97
Switzerland AG 2025

W. Boonpook et al. (eds.), Applied Geography and Geoinformatics for

Sustainable Development, Springer Geography,

https://doi.org/10.1007/978-3-031-84308-2_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-84308-2_7&domain=pdf
https://doi.org/10.1007/978-3-031-84308-2_7#DOI
mailto:pdtien@agu.edu.vn
mailto:nthdiep@ctu.edu.vn

98 T. D. Pham et al.

regions. Future research should consider integrating multi-sensor data sources for
enhanced accuracy in rice crop classification and drought assessment.

Keywords Vegetation health index - Drought - Google earth engine - Tra Vinh
province - Climate change

1 Introduction

In Vietnam, rice not only serves as the primary food source for over 100 million
people but also significantly contributes to the country’s food security and rural
economy, constituting an indispensable component of its agricultural exports.
Specifically, the Mekong River Delta (MRD) is one of Vietnam’s key agricultural
regions, with its rice cultivation area accounting for 54.2% of the country’s total rice
cultivation area. Beyond rice, the MRD also significantly contributes to the produc-
tion of seafood and fruits, accounting for 86.3% and 64.7% of the total production,
respectively [1].

Tra Vinh, a coastal province within the Mekong Delta, plays a significant role in
Vietnam’s rice production. However, Tra Vinh also faces significant challenges due
to climate change, particularly drought, which affects rice productivity and yields.
Therefore, monitoring changes in rice cultivation and assessing drought levels are
essential to ensure food security and sustainable development for the province.

Over the last several years, remote sensing technology, which involves seeing the
Earth from space, has greatly enhanced the ability to monitor the Earth’s surface
and its natural resources [2]. Numerous studies worldwide have employed this
method. Huang [3] used Landsat data to examine changes in land cover in China,
for example. In India, Kukunuri [4] used MODIS (Moderate Resolution Imaging
Spectroradiometer) data to precisely categorize agricultural droughts. Liu [5] used
MODIS data to create three catastrophe monitoring models in China.

In addition, remote sensing methods have been essential in the mapping of rice
fields [6] and the monitoring of drought in different locations, especially in rice
fields, by using various vegetation indices [7]. However, a common challenge with
optical images is their susceptibility to hazy conditions. Researchers have explored
various approaches to mitigate the effects of clouds [§—10], but continuous cloud
cover poses a significant challenge in tropical monsoon areas like Vietnam, espe-
cially during the rainy period. Satellites like Sentinel-1 and COSMO-SkyMed use
microwave remote sensing, which is largely unaffected by atmospheric conditions
like fog, rain, snow, clouds, and smoke, unlike other forms of remote sensing. The
level of impact may vary depending on the wavelength utilized. These satellites
provide a great level of detail and accuracy in both space and time, making them
well-suited for the mapping of rice fields [11, 12].

Despite these advancements, no study has utilized the Google Earth Engine
(GEE) cloud computing platform and satellite data to map rice fields across the
entire Tra Vinh Province. Similarly, no research has been conducted to develop
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spatially distributed maps of vegetation indices to assess drought in this province.
This study aims to investigate changes in rice cultivation patterns in Tra Vinh prov-
ince over the 2014-2021 period and to evaluate the effectiveness of vegetation indi-
ces, Vegetation Condition Index (VCI), Thermal Condition Index (TCI), and
Vegetation Health Index (VHI), in detecting and assessing drought conditions
within the province’s rice fields.

2 Study Area

Tra Vinh, a province strategically located in the Mekong Delta region, is blessed by
nature with a 65-km-long coastline and a dense network of rivers. The province
borders Ben Tre, Vinh Long, and Soc Trang, creating a diverse cultural and eco-
nomic landscape. With an area of 2356 km?, Tra Vinh consists of 1 city, 8 districts,
and 80 communes. The province’s population exceeds one million people, forming
a diverse and cohesive community. The economy of Tra Vinh has developed multi-
sectorally, focusing on areas such as agriculture, aquaculture, industry, and tourism.
The advantages of geography and abundant resources have contributed to the socio-
economic development of the province in recent years [13] (Fig. 1).

Farmers in Tra Vinh province benefit from advantageous climate, water resources,
and soil conditions, allowing them to grow rice multiple times per year. The distinct
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Table 1 Summary of rice farming practices in Tra Vinh Province

Farming method | Seasons Sowing schedule

Single-rice crop | Mua (traditional rice) Mua period (July/August—Oct/Nov)
Double-rice Dong Xuan (winter-spring) and | Dong Xuan (November—January), He Thu
crop He Thu (summer-autumn) (May—June)

Triple-rice crop | Dong Xuan (winter-spring), He Dong Xuan (November—January), He Thu
Thu (summer-autumn), Thu Dong | (May—June), Thu Dong (July—August)
(autumn-winter)

Source: [14]

planting seasons are known as winter-spring (WS), summer-autumn (SA), and
autumn-winter (AW). Of these seasons, the summer-autumn (SA) period generally
results in the highest rice yields within the province. There’s also the traditional rice
season (Mua), where older rice varieties with extended growth cycles are used.
While yields tend to be lower during this season, the rice produced is known for its
exceptional quality.

In terms of rice farming practices in the province, there are three main systems:
single-rice crop, double-rice crop, and triple-rice crop, each with distinct character-
istics and outputs as detailed in Table 1.

3 Data and Methodology

The research utilized a detailed method combining Google Earth Engine (GEE) and
ENVI software, as depicted in its flow chart (Fig. 2). The process involved nine key
steps: collecting and processing field data, pre-processing Synthetic Aperture Radar
(SAR) data, extracting mean values from this data, comparing and selecting SAR
data polarization modes, masking non-rice cultivation areas, defining specific anal-
ysis parameters, selecting temporal features for in-depth temporal analysis, setting
up decision rules for data analysis, and validating and mapping with classifiers.
These steps enabled the extraction and mapping of geographic distributions of veg-
etation indicators, ensuring a comprehensive and accurate assessment of the
research goals.

3.1 Field Data Processing

After completing the field work, the team manually converted the collected ques-
tionnaire data into digital format. To ensure clarity and consistency across the data-
set, each rice plot was given a distinct column name, and a uniform row coding style
was applied across all 100 charts. The process of digitizing the rice plots involved
importing their GPS coordinates into Google Earth. In this phase, the team visually
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Fig. 2 The flow chart of study

Fig. 3 Location of field survey plots throughout the study area

identified and removed non-rice elements such as seedbeds, trees, and houses, using
the notes and annotations made during the field work as a guide. The spatial distri-
bution of these digitized rice plots within the study area was then illustrated in
Fig. 3. This approach helped in creating a clear and precise digital representation of
the rice cultivation areas for further analysis.
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Table 2 Descriptive Cropping pattern Number of samples | Percentage
statistics for various cropping Triple rice crops 7 1%
patterns Double rice crops-other | 14 14%

Double rice crops-fallow |9 9%

Other patterns 6 6%

Total 100 100%

To evaluate how well the cropping patterns collected from field work represented
the actual agricultural practices in the research region, the team conducted a com-
parative analysis. They compared the field data with an existing survey dataset that
encompassed the same area. This involved extracting information from 60 farmers
who collectively managed 100 plots within the research region. The team then sum-
marized the observed cropping patterns in Table 2.

3.2 Polarization Comparison and Selection

Table 3 provides a detailed distribution of training and validation plots specifically
for the dry season. This table breaks down the number of samples for rice, other
crops, and fallow conditions. This data is vital for training and validating the models
developed in this study.

The study also analyzed the backscatter dynamics of arice plot using Sentinel-1A’s
VH and VV polarizations to understand their behavior during different stages of rice
growth during the dry season (Fig. 4).

Our study uncovered two clearly distinguishable backscatter patterns for each
polarization. Using VH polarization, we consistently observed an increase in back-
scatter from the beginning of the crop’s growth until the reproductive period. When
we examine rice using VH polarization, we observe a more consistent and predict-
able development pattern. On the other hand, the VV polarization showed a decrease
in backscatter from the tillering to the stem elongation phases, followed by an
increase during the heading stage. Rosenthal’s research [15], which established a
significant correlation between C-cross backscattering coefficients (VH or HV) and
crop biomass/height, particularly at higher incidence angles, is consistent with the
results. The observed peak backscattering values throughout the growth cycle may
indicate the highest possible crop biomass. After carefully considering its capacity
to accurately distinguish between land preparation and establishment phases, as
well as its reliable depiction of rice growth cycles, we decided to select VH polar-
ization for future examination. This conclusion is based on the greater dependability
of accurately representing the different stages of rice growth throughout the
dry season.
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Table 3 Number of training and validation plots for dry season (DS)

Season Crop/fallow Training samples Validation samples
DS Rice 51 32
Others 12 15
Dry fallow 5 3
0
o‘\ &Lx o N R

2 A

Backscatter coefficient (bB)

= 1. transplanting
2. tillering to stem elongation
3. heading
4. maturity =WtV

5. harvested
40

Fig. 4 Temporal changes in backscatter for a rice plot at both VH and VV polarizations

3.3 Non-rice Land Cover Mask

The research used a masking method to reduce the influence of non-rice land cover-
ings on the categorization of rice cropping patterns. We created homogeneous sam-
ple plots on Google Earth for different land coverings, such as woods, built-up
areas, and steady water. We then used the spectrum extraction program to extract the
average dB values from each sample’s temporal signature. For a subset of sample
plots, Fig. 5 shows the backscatter dynamics of these different land coverings at VH
polarization.

In Fig. 5, the backscatter dynamics are divided into two sections: dry season
(DS) samples—displayed in the top section, including water bodies, built-up areas,
forests, rice fields, other crops, and dry fallow land.

* Water bodies: Consistently exhibited very low to low dB values

¢ Urban locations (built-up): Demonstrated consistently higher backscatter

» Forests: Characterized by a constant medium to high backscatter coefficient,
reflecting thick vegetation
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Fig. 5 VH polarization backscatter variation over time for different land cover types within
selected DS sample plots

* Rice fields: Showed reduced SAR backscatter prior to crop establishment due to
being typically flooded, in contrast to other crops like maize which weren’t
flooded during this period [16, 17]

e Dry fallow land: Displayed substantial changes in the early season with lower
backscatter values in May compared to rice and other crops

Figure 5 analysis shows that water, urban, and forest areas have different back-
scatter characteristics over time compared to cropland and fallow land. Therefore,
to accurately classify the rice cropping pattern model, the system eliminated water
bodies with an average backscatter value (c°) lower than —23 dB and eliminated
forest and residential areas with an average ce value greater than —14 dB, based on
the change in their backscatter characteristics over time throughout the year.

3.4 Satellite-Based Drought Indices

This study uses three satellite-based indices to analyze drought conditions: the
Vegetation Condition Index (VCI), the Temperature Condition Index (TCI), and the
Vegetation Health Index (VHI). Calculations for these indices were made possible
using data from the Moderate Resolution Imaging Spectroradiometer (MODIS)
sensor aboard the Terra satellite. While the 250 m resolution of MODIS might seem
coarse for some applications, it is well-suited for provincial-level drought monitor-
ing. Drought conditions generally affect large areas, and MODIS provides a broad,
consistent view of vegetation health and temperature patterns across an entire prov-
ince. Additionally, MODIS offers the long historical record necessary to identify
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trends in drought conditions over time. Studies such as [18, 19] demonstrate suc-
cessful use of MODIS for drought assessment at state and provincial levels.
Calculation of Indices:

3.4.1 Vegetation Condition Index (VCI)

The VCI (Eq. 1) was used to assess the impact of weather conditions on vegetation
health. We calculated VCI using 10 years of historical NDVI data derived from the
MOD13Q1.006 Terra Vegetation Indices 16-Day Global 250 m dataset. VCI values
helped us isolate short-term weather fluctuations from long-term ecosystem
changes, revealing relative variations in moisture conditions [20].

(NDVI — NDVImin)/(NDVImax — NDVImin) (1)

3.4.2 Temperature Condition Index (TCI)

The TCI (Eq. 2) was calculated using LST values to characterize drought conditions
based on vegetation thermal stress. We derived LST data from the MOD11A2.006
Terra LST&E 8-Day Global 1 km dataset over a 10-year period. TCI values, in con-
junction with soil moisture indicators, helped determine probabilities of drought
severity [21].

(LSTmax — LST )/ (LSTmax — LSTmin) 2)

3.4.3 Vegetation Health Index (VHI)

To obtain a comprehensive assessment of vegetation health, we calculated the VHI
(Eq. 3). VHI combines the information on moisture stress from VCI and thermal
stress from TCI. Due to a lack of specific data for our study area, an equal contribu-
tion (a = 0.5) for VCI and TCI was assumed [22].

aVCI+(1-a)TCI 3)

3.5 [Image Collection Timing

The synthetic aperture radar (SAR) data used in this study was collected from the
Sentinel-1 satellite. Sentinel-1 operates in a sun-synchronous orbit, which means it
revisits any point on Earth every 12 days (6 days when combining Sentinel-1A and
Sentinel-1B). The timing of image collection was strategically chosen to align with
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the different stages of rice growth. For this study, the image series was collected
from 2014 to 2021.

The MODIS images used for calculating the Vegetation Condition Index (VCI)
and Temperature Condition Index (TCI) are derived from the MOD13Q1.006 Terra
Vegetation Indices 16-Day Global 250 m dataset and the MOD11A2.006 Terra
LST&E 8-Day Global 1 km dataset, respectively. The MOD13Q1.006 dataset pro-
vides 16-day composite images of vegetation conditions, while the MOD11A2.006
dataset provides 8-day composite images of land surface temperatures. These com-
posite periods were selected to ensure a sufficient number of cloud-free observa-
tions at each location. MODIS images were collected from December to April of the
following year for the period from 2014 to 2021. This careful selection of image
collection timing is essential for accurately capturing the variations in vegetation
and temperature conditions relevant to the study’s objective of assessing drought
conditions.

4 Result and Discussion

4.1 Map of the Rice Paddies in the Study Area

In this study, the multi-temporal backscatter coefficient (o°) images were processed
using a rule-based classifier to create a comprehensive rice cropping pattern map, as
shown in Fig. 6.

The data from the study area revealed that there were 47,681.85 ha of triple rice
crops, 11,603.29 ha of double rice crops-other, and 5025.34 ha of double rice crops-
fallow. These areas account for approximately 75.4%, 18.4%, and 7.9% of the total
rice-cropped area, respectively. These figures not only highlight the dominance of
the triple cropping system, which takes up the majority of the agricultural land but
also depict the existence of alternative double cropping practices, some of which
include a fallow period (Fig. 7).

The map illustrates the spatial distribution of rice land areas, derived from a
careful analysis of Sentinel-1 satellite imagery using a rule-based classification
method. The accuracy of this classification was rigorously evaluated, resulting in
a total accuracy of 86% and a Kappa coefficient of 0.80, indicating a high degree
of reliability in the classified data. To assess the effectiveness of the method in
determining rice land areas, on-site field data was compared with the classified
satellite data. This comparison utilized a confusion matrix, which clarifies the dif-
ferences between the observed and predicted classifications of rice land areas.
Such a methodological framework proved to be indispensable for ensuring a
detailed and accurate analysis of the rice land areas and cropping patterns within
the research area.
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4.2 Analyzing the Relationship Between Drought Intensity
and Rice Yield

Figure 8 in the study, which visually depicts the Vegetation Health Index (VHI)
across the study area for the period from 2014 to 2021, is crucial for highlighting the
severity of drought conditions in the area. As we see in the figure, there are high
areas of severe and extreme drought in the dry seasons of 2015/2016 and 2020/2021.

The comparative analysis of VHI maps over successive years reveals specific
patterns in drought conditions that directly correlate to rice yields. For example, the
maps from 2014 and 2015 display extensive severe drought (in red), coinciding with
the periods of lowest rice yields in Fig. 9. By 2019, there is minimal drought pres-
ent, and we see higher rice yields accordingly. The resurgence of drought conditions
in 2020 and 2021 again corresponds with lower rice yields. This analysis further
demonstrates the clear impact of drought on agricultural production.

Figure 9 directly illustrates the relationship between drought and rice yield
(2014-2021). The chart depicts the relationship between different levels of drought
(extreme, severe, moderate, and mild) and the corresponding rice yield (in tons per
hectare). As drought intensity increases, rice yield decreases significantly. Years
with extreme drought conditions, such as 2021, resulted in significantly lower rice
yields. In contrast, years with milder drought exhibited higher rice yields.

4.3 Drought Trends: 2014-2021 Overviews

In the context of our preceding analysis of the relationship between drought inten-
sity and rice yield, we now turn our attention to the trends in drought conditions
from 2014 to 2021 (Fig. 10).

Our trend analysis further highlights a consistent decline in non-drought areas,
decreasing from 53,144 ha in 2014 to 37,826 ha by 2021, a reduction exceeding
28%. Concurrently, there was an increase in areas experiencing moderate and mild
drought, from 2888 ha to 7645 ha and from 5564 ha to 15,576 ha, respectively, over
the same period. This signifies a gradual shift toward drier conditions, which, as
previously established, directly correlates with decreased rice yields.

The trend graph distinctly illustrates this steady incline in areas affected by mod-
erate and mild drought throughout the study period. Additionally, the heatmap
offers a visual representation of the annual distribution of drought intensity, with
progressively darker hues indicating higher severity from “No Drought” to “Extreme
Drought.” This visual evidence mirrors the intensification of drought conditions and
the corresponding decrease in rice yield over the years.

The integration of these two visual tools not only illuminates interannual vari-
ability but also underscores the long-term aridification trend. This trend could have
profound implications for water resource management and agricultural planning,
considering the established impact of drought on rice yield.



Drought Assessment in Paddy Rice Fields Using Multi-temporal SAR Data of Sentinel-1... 109

Legend

Legend

2014 2015 /

grideode_L qridcode_t 8

ey : ,
= ¥

e

“%)% , N
Togend pi e
2017 Tone=" e /
gridcode_1 . /
y T
- &

utove

Legend
2018
gridcode 1

&

T ———
EPIP A e 022 61 nsKkmms

;"\

e

Fig. 8 VHI depicts high areas of severe and extreme drought in dry seasons of 2015/2016 and
2020/2021



110

The relationship between drought and rice yield

T. D. Pham et al.

18,000 5.8
16,000 57
14,000
5.6
12,000
1%}
2 10,000 55 8
© =
g 8000 5
% 4 54 2
6,000 -
53
4,000 [,.
2,000 I = ‘ J ‘ 52
o8 P B J = | .
2014 2015 2016 2017 2018 2019 2020 2021 Year
N Extreme (ha) B Severe( ha) W Moderate (ha) Mild (ha) e====rice yield (ton/ha)

Fig. 9 The relationship between drought and rice yield (2014-2021)

Drought Conditions by Year (2014-2021)

Drought Trend (2014-2021)
ear
Cnear
Cacaritosenatel
Cear s

Exreme 1430 6287 8% 29 26 a9 183

50000

----- Severe 1400 e w7

40000

Maderate 108 1828 30000

Drought Area (he)

x - 20000
Mild 54 10240 11021 2194 11331

~10000
No Drought [NESEES

> o
N N
A 3

Fig. 10 Drought severity trends and distribution, 2014-2021

In summarizing these trends, the complex and evolving patterns of drought are
starkly depicted. While individual years may present significant deviations, the
overarching trend points toward an increasingly arid future in line with climate
change forecasts. These insights emphasize the urgent need for comprehensive
strategies to mitigate the impacts of drought on rice yield and adapt to an ever-
changing climatic landscape.

4.4 Achievements, Limitations, and Scope of Results

Achievements: This study successfully demonstrates the combined utility of
Sentinel-1 satellite data and the Vegetation Health Index (VHI) for mapping rice
cropping patterns and assessing the spatio-temporal dynamics of drought in a major
rice-producing region. The rule-based classifier achieved reasonable accuracy, and
the VHI effectively captured drought severity and fluctuations over time.
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Limitations: While our methodology offers valuable insights, it is important to
acknowledge its limitations. The rule-based classifier, though effective, may
encounter challenges in areas with complex cropping systems or mixed land use
patterns. Additionally, the VHI, while sensitive to vegetation stress, could be influ-
enced by factors other than drought, such as disease or nutrient deficiency.

Scope of results: The findings of this study have significant implications for
agricultural planning and drought mitigation in the region. By providing detailed
information on rice cropping patterns and drought trends, decision-makers can
develop targeted interventions to enhance crop resilience and water resource man-
agement. Moreover, the methodology developed in this study has the potential to be
adapted for monitoring agricultural systems in other regions facing climate change
challenges.

Future directions: Building on the present work, future research could explore
the integration of multi-sensor data sources to improve classification accuracy.
Furthermore, incorporating ground-based data and crop models could enhance the
understanding of the complex interactions between drought, crop yields, and other
environmental factors.

5 Conclusion

This study successfully demonstrated the effectiveness of combining Sentinel-1 sat-
ellite data and the Vegetation Health Index (VHI) to map rice cultivation patterns
and assess drought conditions in Tra Vinh province, Vietnam. By utilizing Google
Earth Engine and analyzing multi-temporal SAR data, we accurately classified dif-
ferent rice cropping systems in the region. The VHI derived from MODIS data
proved valuable in analyzing the spatio-temporal patterns of drought conditions
from 2014 to 2021.

The study has brought forth several key findings. The first is the dominance of
triple rice cropping, which occupies about 75% of the total rice cultivation area. The
second is a significant interannual variability in drought severity, with particularly
severe conditions observed in 2015 and a resurgence in 2020/2021. This points
toward a concerning trend of increasing areas affected by mild and moderate drought
conditions. Lastly, the study underscores the importance of remote sensing tech-
niques, particularly SAR data, for monitoring agricultural systems in tropical
regions with frequent cloud cover.

These findings have substantial implications for sustainable agricultural plan-
ning and water resource management in Tra Vinh province and similar rice-
producing regions. The detailed data on rice cropping patterns and drought dynamics
can guide targeted interventions to enhance crop resilience, optimize water usage,
and mitigate climate change impacts.

Future research could aim at integrating multi-sensor data sources for better
accuracy in rice crop classification and drought assessment. Also, ground-based
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measurements and crop models could be employed to better understand the com-
plex relationships between drought, crop yields, and other environmental factors.

In conclusion, this study offers essential tools and insights that can aid policy-
makers and agricultural practitioners in formulating effective strategies to tackle the
challenges posed by drought and ensure long-term food security.
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