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Abstract: This study utilizes remote sensing to assess the temporal variation of Son Island
on the Bassac River, Can Tho City, Vietnam, from 1987 to 2020. The findings indicate that
the evolution of Son Island can be divided into two distinct periods. From 1987 to 2013, the
island experienced significant migration from upstream to downstream, covering a distance
of approximately 250 meters. In contrast, the period from 2013 to 2020 showed stability,
with no significant changes in the island’s area or center of gravity. Despite noticeable
fluctuations in the island's area throughout the observed period, no clear trend was
identified, suggesting overall stability. These fluctuations are likely due to errors in image
analysis caused by the coarse resolution of Landsat images, tidal effects, and vegetation
changes along the island’s banks. The migration of Son Island is attributed to erosion at the
island’s head and deposition at its tail.

Keywords: Son Island; Bassac River; Google earth; Satellite image; Remote sensing;
Migration.

1. Introduction

A river island is a land area elevated above the river water level at river branching
sections. These islands divide the river section flowing through them into river branches and
play a significant role in connecting and influencing the hydraulic, hydrological,
morphological, and environmental interactions between the tributaries [1]. River islands have
a significant impact on the morphological changes, environment, waterway traffic, and the
lives of people on both sides of the river [2, 3, 4—7]. Therefore, research on river islands has
been widely conducted around the world [8-12]. In Vietnam, studies on river engineering
mainly focus on riverbank erosion. Although river islands play a crucial role in the river
ecosystem and environment, research on river islands in Vietnam is still very limited.
Particularly in the Vietnamese Mekong Delta (VMD), notable research on river islands
includes the River Channel Improvement [13], analysis of factors affecting the change in the
area of Long Khanh island, Hong Ngu district, Dong Thap province [14]. Most previous
studies only analyzed riverbank erosion, and islands were only mentioned as part of studies
on riverbank erosion in the two main river systems, Mekong River and Bassac River, such
as applying the Google Earth Engine (GEE) cloud computing platform in monitoring
shoreline changes in the VMD region [15]; applying remote sensing and GIS technology to
monitor shoreline changes and assess the erosion situation on the Mekong river systems from
1989 to 2017 [16]; and the study on the causes of increased riverbank erosion in the VMD
[17].

J. Hydro-Meteorol. 2024, 21, 1-7; d0i:10.36335/VNJHM.2024(21).1-7 http://vnjhm.vn/
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As mentioned above, there is a gap in the research on river engineering and management
in the VMD, particularly concerning the study of river islands along the Mekong River
system. Therefore, this study conducts an analysis of the migration of Son Island, located in
Can Tho City, to provide a better understanding of the temporal changes of river islands in
the VMD.

Son Island is located in the middle of the Bassac River (across from Co Bac Ferry), in
Bui Huu Nghia ward, Binh Thuy district, Can Tho city (Figure 1). The island has a surface
area (cultivated area) of 67 hectares [18]. Since 2015, Son Island has become a famous tourist
destination in Can Tho City, known for its natural beauty, environment, customs, rituals, and
the spirit of mutual support within the community [18, 19].

570000 580000 590000 58()000

60"

<Szmm

0 1600 m
IHHHH

Figure 1. Study area.
2. Materials and Methods

2.1. Satellite image analysis

Landsat images from 1987 to 2020 were used for analysis. Details of the Landsat images
are presented in Table 1. In which, there are two types of Landsat images were collected for
the analysis with a consistant resolution of 30 m/pixel. The cloud cover varies from 0% to
50%. There are two images collected for each year in the dry and wet seasons. No tidal
correction was performed in the image analysis.

Table 1. Information on the Landsat images.

Captured date  Sources Sensor Resolution (m)  Cloud cover (%) Coordinate system
29/12/1987  Landsat 5 ™ 30 10.00 UTM
30/01/1988  Landsat 5 ™ 30 1.00 UTM
31/12/1988  Landsat 5 ™ 30 38.00 UTM
06/04/1989  Landsat 5 ™ 30 2.00 UTM
18/12/1989  Landsat 5 ™ 30 2.00 UTM
03/01/1990  Landsat 5 ™ 30 3.00 UTM
14/05/1991  Landsat 5 ™ 30 9.00 UT™M
25/01/1992  Landsat 5 ™ 30 3.00 UT™M
11/01/1993  Landsat 5 ™ 30 23.00 UT™M
01/04/1993  Landsat 5 ™ 30 10.00 UT™M
29/12/1993  Landsat 5 ™ 30 19.00 UT™M
13/10/1994  Landsat 5 ™ 30 27.00 UT™M
02/02/1995  Landsat 5 ™ 30 5.00 UT™M
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Captured date ~ Sources Sensor Resolution (m) Cloud cover (%) Coordinate system
06/03/1995  Landsat 5 ™ 30 19.00 UTM
21/02/1996  Landsat 5 ™ 30 1.00 UTM
09/04/1996  Landsat 5 ™ 30 6.00 UTM
06/01/1997  Landsat 5 ™ 30 1.00 UTM
01/07/1997  Landsat 5 ™ 30 22.00 UTM
09/01/1998  Landsat 5 ™ 30 0.00 UTM
21/06/1999  Landsat 5 ™ 30 10.00 UTM
07/07/1999  Landsat 5 ™ 30 4.00 UTM
19/03/2000  Landsat 5 ™ 30 38.00 UTM
14/11/2000  Landsat 5 ™ 30 10.00 UTM
18/02/2001  Landsat5 ™ 30 7.00 UTM
09/05/2001  Landsat 5 ™ 30 9.00 UTM
23/11/2003  Landsat 5 ™ 30 18.00 UTM
18/06/2004  Landsat 5 ™ 30 48.00 UTM
27/12/2004  Landsat 5 ™ 30 46.00 UTM
24/08/2005  Landsat 5 ™ 30 1.00 UTM
04/03/2006  Landsat 5 ™ 30 3.00 UTM
17/12/2006  Landsat 5 ™ 30 11.00 UTM
02/01/2007  Landsat 5 ™ 30 50.00 UTM
25/03/2008  Landsat 5 ™ 30 8.00 UTM
09/12/2009  Landsat 5 ™ 30 1.00 UTM
18/05/2010  Landsat 5 ™ 30 11.00 UTM
27/06/2013  Landsat8 OLI_TIRS 30 20.90 UTM
21/01/2014  Landsat8 OLI_TIRS 30 23.35 UTM
18/09/2014  Landsat8 OLI_TIRS 30 0.27 UTM
24/01/2015  Landsat8 OLI_TIRS 30 1.55 UTM
26/12/2015  Landsat8 OLI_TIRS 30 14.86 UTM
29/01/2017  Landsat8 OLI_TIRS 30 22.63 UTM
31/10/2018  Landsat8 OLI_TIRS 30 6.42 UTM
05/12/2019  Landsat8 OLI_TIRS 30 9.84 UTM
06/01/2020  Landsat8 OLI_TIRS 30 2.18 UTM
23/02/2020  Landsat8 OLI_TIRS 30 0.30 UTM

For Landsat imagery, the Normalized Difference Water Index (NDWI) has served as a
vital tool for distinguishing water bodies from land. Hence, this study will utilize the NDWI
to extract the shoreline between the land area of Son Island and the surrounding water. The
application of NDWI follows a specified formula [20]:

NDWI — GREEN - NIR

~ GREEN+NIR @)

where GREEN refers to the green light channel and NIR refers to the near-infrared
channel. For Landsat 5 satellite images, the GREEN channel corresponds to Band 2 and the
NIR channel corresponds to Band 4 [21]. Hence:

NDWI — Band2-Band4 )
Band 2+ Band 4
For Landsat 8, the GREEN component corresponds to channel 3, while the NIR
component aligns with channel 5 [22]. Therefore, equation (1) becomes:

NDWI = Band3—-Band5 @)
Band 3+ Band5

After applying the NDWI index to the Landsat images, the resulting NDWI images will
be classified to convert the shoreline into polygons. These polygons will be imported into
AutoCAD to calculate the geometric characteristics of Son Island in plan view, such as area
and center of gravity coordinates. Figure 2a shows the NDW!I image of Son Island and the
classification process, while Figures 2b-2d details the classification process.
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Figure 2. (a) NDWI image of Son Island, (b-d) Classification and shoreline extraction.

2.2. Geometric characteristics of Son Island

In parallel with monitoring the J" A
shoreline changes of Son Island,

the geometric characteristics of
Son Island, such as the center of

gravity coordinates and surface ,,

area, are also used to analyze the

changes of Son Island. The Y| —

geometric characteristics of Son /l/
Island are illustrated in Figure 3.

|
3. Results |

| P—
3.1. Shoreline changes 0 (0,0) X,

Shoreline changes of Son Figure 3. Geometric characteristics of Son Island.
Island from 1987 to 2020 are —— 1987 N
presented in Figure 4. For __ 995 A
readability, only four selected
shorelines from 1987, 1995, 2010
2010, and 2020 are shown. As =—— 2020

illustrated in the figure, the island
migrated approximately 250
meters from 1987 to 2010 due to
erosion at the island’s head and
deposition at its tail. Since 2010,
thep shoreline of Son lsland N o
appears to have stabilized. The I

development of tourism on Son Figure 4. Shoreline changes of Son Island.
Island since 2010 may have

contributed to this stabilization, as local people have worked to stabilize the riverbank to
facilitate tourism.
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3.2. Geometric characteristics of Son Island

The temporal variation of Son Island’s area is presented in Figure 5. Although there is
significant fluctuation in the area throughout the observed period, there is no clear trend in
the variation of the island’s area, as indicated by a very small regressor (0.0003). This
negligible regressor indicates that the island’s area remained stable during the observed
period from 1987 to 2020. 120
The significant scatter in the
island’s area may be a result
of errors due to the coarse
resolution of the Landsat
image, tidal effects, and the
appearance/disappearance of
vegetation along the
riverbanks. 70

The figures display the
temporal variation of the 60 ‘ ‘ ' ' ' ' ‘

. . 1985 1990 1995 2000 2005 2010 2015 2020 2025
center of gravity coordinates ¢ (year)
(Xc and yc) of Son Island Figure 5. Temporal variation of the Son Island’s area.
from 1987 to 2020. Figure
6a shows the variation in the x-coordinate (xc) over time, with blue squares representing the
data points and red lines indicating the trend. The first trend line, covering 1987 to
approximately 2013, shows a strong positive trend with the equation xc = 0.024t + 581193
and a high R? value of 0.93. From 2013 onwards, the trend line xc = —0.0003t + 582169
exhibits a near-zero slope and a very low R2 value of 0.0006, indicating no significant trend.
Figure 6b illustrates the variation in the y-coordinate (yc) over the same period. The first trend
line, from 1987 to around 2013, shows a strong negative trend with the equation yc=—0.0146t
+ 1E + 06 and an R2 value of 0.91. Post-2005, the trend line y.=0.0003t + 1E + 06 has a near-
zero slope and an R2 value of 0.0015, indicating no significant change. These figures suggest
that the center of gravity of Son Island shifted significantly in both x and y directions from
1987 to 2013 but has remained relatively stable since 2013. These results agree well with the
shoreline changes mentioned in the previous section.
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Table 2. Temporal variation of the center of gravity coordinates (xc and yc) of Son Island.

Periods 1987-2013 2013-2020
Variables Regression equation R? Regression equation R?
Xc Xc = 0.024t+581193 0.93 Xe=—0.0003t+582169 0.0006
Ve ye =—0.0146t+1E+06 0.91 yc = 0.0003t+1E+06 0.0015
582,200 : 1,115,050 ——T
x,=0.024¢ + 581193 [ .
¢ neo = L[y, =-0.0146¢ + LE+06
582,150 { R°=09313 ,“ N 1,115,000 H R =0.9102
1R | | g |
582,100 #m | x, = -0.00037 + 582169 i
= '# R? = 0.0006 ~ 1,114,950 ;
£ 582050 . = 5 " - 1
< = R |
582,000 .?" 1,114,500 RIS =
R ?’ 1' n; 1
< S 1,114,850 i IS S
581950 | g v. = 0.0003¢ + 1E+06
P i R*=0.0015
581,900 b 1,114,800
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Figure 6. Temporal variation of the Son Island’s center of gravity.
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4. Conclusions

Remote sensing has been applied to rapidly assess the temporal variation of Son Island
on the Bassac River, Can Tho City, Vietnam, from 1987 to 2020. The main findings of this
study can be summarized as follows:

- The evolution of Son Island from 1987 to 2020 can be divided into two periods: the
first period from 1987 to 2013, during which the island significantly shifted from upstream
to downstream by approximately 250 meters; and the second period from 2013 to 2020,
which showed the stability of the island with no changes in its area or center of gravity.

- Although there was significant fluctuation in the island’s area from 1987 to 2020, there
is no obvious trend in the evolution of the island’s area, indicating that the island’s area
remained stable during the observed period. The fluctuation in the island’s area can be
attributed to errors in image analysis due to the coarse resolution of the Landsat images, tidal
effects, and vegetation along the island’s banks.

- The migration of Son Island from upstream to downstream is the result of erosion at
the island’s head and deposition at the island’s tail.
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Abstract: This research was conducted to assess the environmental sustainability of a
metalware handicraft village in Hanoi, Vietnam using 17 indicators of 4 components (En-
vironmental systems - S1, reducing environmental stresses - S2, reducing human
vulnerability - S3, and social institutional capacity - S4). All indicators were quantified on
a scale of 0-1, reflecting a range from low to high sustainability. A combination of soil and
water analysis, and a social survey of 67 local households were conducted. The results show
that the number of water samples exceeding the allowable limits for wastewater (QCVN
40:2011/BTNMT, Column B), domestic water (QCVN 01-1:2018/BYT), groundwater
(QCVN 09:2023/BTNMT), and surface water (QCVN 08:2023/BTNMT, Column B) was
13/14 (NH4"), 9/14 (COD), 8/14 (BODs), 4/14 (PO4*), 5/14 (Fe), and 6/14 (Mn). The con-
centrations of heavy metals in soil were within acceptable limits for agricultural soil (QCVN
03:2023/BTNMT). The social survey results present high percentages of households dissat-
isfaction with the quality of air (43%) and water (74.5%), which were also perceived to
negatively impact on human health by 67% and 81% of respondents, respectively. The en-
vironmental sustainability of the study area is 0.38 (low sustainability) with the following
order: S3 (0.25) < S2 (0.26) < S4 (0.44) < S1 (0.57). Solutions on management, policy, and
technology are proposed for ensuring environmental sustainability of the metalware
handicraft village.

Keywords: Environmental Sustainability; Handicraft village; Indicator; Metalware; Vi-
etnam.

1. Introduction

Handicraft villages play an important role in socio-economic development, livelihood
creation, traditionally cultural value maintenance, and tourism promotion in rural areas.
Hanoi is home to 1,350 craft villages, of which 305 have been recognized as traditional
villages with their own unique identity, producing sophisticated products that reflect the
nation's cultural heritage [1]. The products from these craft villages are diverse, have
beautiful designs and high quality, and hold competitive advantages in both domestic and

J. Hydro-Meteorol. 2024, 21, 8-21; doi:10.36335/VNJHM.2024(21).8-21 http://vnjhm.vn/
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international markets. These products span various sectors, including textiles, ceramics,
weaving, embroidery, wooden furniture, mechanics, agriculture, and food processing.
However, outdated technology, scattered production, and improper pollutant treatments have
posed serious impacts on the environment, ecosystems, and human health [2]. Ensuring
environmental sustainability is of great importance which can significantly contribute to food
security, human security, and sustainable development [3].

Sustainability refers to the maintenance of core ecosystems and supporting long-term
ecological balance while developing the global economy [4]. Several tools and
methodologies were developed to evaluate their sustainability performance such as indicators
and indices, life cycle sustainability assessment, monetary approach, and integrated
assessment [5, 6]. Environmental sustainability was introduced as meeting the resources and
services needs of current and future generations without compromising the health of the
ecosystems that provide them [7]. Numerous studies have evaluated environmental sustain-
ability in diverse fields, including the digitalization of production [8], the circular economy
[©], energy [10, 11], construction [12], and agricultural systems [13]. In which, indicator-
based assessment - the most common method for sustainability assessment - is considered as
a measure of overall progress toward environmental sustainability, serving as an important
tool for evaluating system sustainability, and providing essential information for stakeholders
[14]. Some indexes have been widely used for environmental sustainability assessment such
as Environmental Sustainability Index (ESI) [15], Environmental Performance Index (EPI)
[16]. Driver-Pressure-State-Impact-Response (DPSIR) framework provides an especially
effective approach for designing assessments, identifying indicators, communicating results,
and supporting environmental monitoring [17-19]. In Vietnam, indicators for environmental
sustainability were also mentioned in Decision No. 2157/QD-TTg in 2013 [20], Decision No.
2782/Qb-BTNMT in 2019 [21], and Vietnam Agenda 21 [22]. These indicators were
designed for large-scale applications (e.g., regions, countries, provinces, cities, and districts).
For smaller scales, especially in craft villages, the sustainability of specific trades and craft
villages has also been studied, such as in Minh Hong traditional vermicelli production village
[23], Phu Lang pottery village [24], and Dong Ky carpentry village [25]. However, in these
studies, environmental sustainability was only mentioned as a sub-criterion within the
environmental component, alongside economic, social, cultural, and administrative aspects.
In addition, issue-based frameworks were used in which driver and response information for
enhancing sustainability may be limited in comparison to the DPSIR framework [26].

This study aimed to assess environmental sustainability of a metalware handicraft village
in Hanoi, Vietnam using indicator-based approach. The findings from this research are ex-
pected to provide valuable solutions to ensure environmental sustainability in the study area.

2. Materials and methods

2.1. Study area

The metalware handicraft village in this research has started since the 15" century with
a total area of 4.65 km?, of which the percentage of agricultural, specialized-use, residential,
and unused land is 63.4%, 19.2%, 16%, and 1.4%, respectively [27]. Up to now, the number
of employees in the study area is over 3,000 people and is divided into 2 producing areas,
including concentrated production industrial clusters and scattered production households in
the village with 428 production facilities and 310 metalworking businesses [27]. The entire
production process was firstly handmade with some crude machines and supporting devices.
However, at present, high-tech machinery is used to create a wide variety of products with
high productivity.

2.2. Methodology
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2.2.1. Indicator-based assessment of environmental sustainability

Indicators for environmental sustainability assessment of the metalware handicraft vil-
lage were proposed mainly based on the Environmental Sustainability Index (ESI) [15] and
the Environmental Performance Index (EPI) [16], referring the indicators evaluating the sus-
tainability of specific trades and craft villages [23-25] (Table 1). Selection, adjustment, and
addition of indicators were performed following the Bellagio principles for sustainability as-
sessment [26]. A set of 17 indicators belonging to 4 components were introduced including
Environmental systems (S1), Reducing environmental stresses (S2), Reducing human vul-
nerability (S3), and Social institutional capacity (S4) (Table 1).

2.2.2. Sampling and analysis

Field surveys were conducted from May to August in 2024 in the metalware handicraft
village for assessing the current status of production activities, society, and environment.
Surface soil samples were collected at 0-20 cm depth at 14 points of the gardens and agricul-
tural fields in the study area. Soil samples were then dried in the drying oven at 40°C, sieved
through a 2-mm mesh and ground using a HERZOG grinder for further analysis.

A total of 14 water samples were collected including wastewater, surface water, domes-
tic water, and groundwater. The pH value of the water was measured onsite by using the
multi-parameter meter HACH HQ30D. The analyses of wastewater, surface water, domestic
water, and groundwater were conducted in accordance with guidelines TCVN 5999:1995
[28], TCVN 5994:1995 [29], TCVN 6663-5:2009 [30], and TCVN 6663-11:2011 [31],
respectively, and reserved following guidelines TCVN 6663-3:2016 [32]. Concentrations of
heavy metals in soil and water were performed by the Plasma Emission Spectrometer (ICP-
OES, iCAP PRO X). Nutritional parameters including NH4", PO4+*, and NOs~ were measured
by the spectrophotometric by UV-VIS Hach Dr6000 (A = 640 nm), UV-VIS Dynamica Halo
RB-10 (A = 880 nm), and (A = 415 nm), respectively. Distillation and titration methods
SMEWW 5220 C:2017 and SMEWW 5210 D:2017 were used to determine COD and BODs
in water, respectively.

Soil and water samples were pre-treated and then analyzed at the Key Laboratory of
Geo-environment and Climate Change Response and the Laboratory of Environmental
Analysis, University of Science, Vietnam National University, Hanoi and the Institute of
New Technology, Academy of Military Science and Technology.
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A semi-structured interview was conducted based on the questionnaire developed from
the proposed indicators in Table 1. A total of 67 households in the study area were randomly
interviewed to ensure the spatial distribution, production and non-production households, and
diversity of livelihoods with the confidence level 90% and margin of error 10% [33].

Table 1. Indicators for environmental sustainability assessment of the metalware handicraft village.

Calcula-
Component Indicator Code  Reference Description tion equa-
tion
Environmental systems Air quality S1-1 [15, 16] The level of people's satisfaction with air 1
(S1) quality
Soil quality S1-2 [15] Soil quality 3
The level of people's satisfaction with 1
soil quality
Water quality S1-3 [15, 16] Water quality 3
Water quality index (WQI) 1
The level of people's satisfaction with 1
water quality
Land resources S1-4 [15] The degree of impact of human activities 2
on land resources
Water quantity S1-5 [15] The degree of impact of human activities 2
on water resources
Reducing Reducing air pollu- S2-1 [15, 16] Increased level of air pollution 2
environmental stresses tion
(S2) Reducing soil stress S2-2 Increased level of soil pollution 2
Reducing water stress ~ S2-3 [15, 16] Increased level of wastewater 2
The level of chemical fertilizer use in 2
agriculture
The level of pesticide use in agriculture 2
Reducing waste dis- S2-4 [15] The level of solid waste generation 2
charge pressure The level of hazardous waste generation 2
The level of fossil fuel use for human 2
activities
Reducing human Air quality's impact S3-1 [15, 16] Assessment of local people about the 2
vulnerability (S3) on health impact of air quality on health
Soil quality's impact S3-2 [15, 16] Assessment of local people about the 2
on health impact of soil quality on health
Water quality's S3-3 [15, 16] Assessment of local people about the 2
impact on health impact of water quality on health
Social institutional ca- Environmental man-  S4-1 [15] Assessment of local people about 1
pacity (S4) agement efficiency environmental management efficiency of
local authorities
Wealth S4-2 Proportion of poor and near-poor
households
Awareness S4-3 Awareness about environment protection 1
responsibility
Knowledge S4-4 The degree of participation in training 1
courses on environmental protection
Environmental pro- S4-5 [15] The level of environmental protection 1

tection efforts efforts of local authorities

2.2.4. Data analysis

The water quality index (WQI) was calculated following the Decision N0.1460/QD-
TCMT on Technical Guideline for Calculation and Publication of Vietnam’s Water Quality
Index [34]. In this study, 3 parameter groups were used for WQI calculation including pH,
nutrients (COD, BODs, NH4*, PO4*, and NO3), and heavy metals (As, Cd, Pb, Cr, Cu, and Zn).
The data corresponding to the indicators of social survey were coded, normalized by the Min-
Max method (on a scale of 0-1) using Eq. (1) and Eq. (2) [23] for positive and negative
correlation with environmental sustainability, respectively, and Eq. (3) for analytical indica-
tors.

Y - X;; —MinX;
7 MaxX; —MinX;

1)
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MaxX; —MinX;
where xij represents the normalized value of indicator i of the household j; Xjj refers to

the value of the indicator i for household j; Max and Min indicate the maximum and minimum

scaled values of indicator i, respectively.
A = Number of samples — Number of polluted samples (3)
o Number of samples

Component sustainability and environmental sustainability were calculated by average
values of corresponding indicators and components. The scale for environmental
sustainability assessment of the metalware handicraft village (on a scale of 0-1) is proposed
as follows: unsustainability (0.00-0.20), low sustainability (0.21-0.40), medium sustainabil-
ity (0.41-0.60), relatively high sustainability (0.61-0.80), and high sustainability (0.81-1.00)
[23]. The Analytic Hierarchy Process (AHP) method was used to calculate and analyze the
weights, make the pairwise comparison for setting priorities of indicators and categories [35].
The input data for AHP was collected from the structure questionnaire of 9 experts including
experts in the field of environment and sustainability (3), local authorities (3), and households
in the study area (3).

3. Results and discussions
3.1. Assessment of environmental sustainability of the metalware handicraft village
3.1.1. Environmental systems (S1)

Air quality (S1-1): The interview results show that 43% of households were dissatisfied
with the air quality in the study area (Figure 2a). Several reasons were mentioned, including
the geographical proximity between the study area and a carpentry village where the produc-
tion process emits a lot of smoke and dust. In addition, the impact of the local industrial park
and a nearby tobacco factory on the air quality in the area was also highlighted.

Soil quality (S1-2): The analytical results of soil in the metalware handicraft village are
shown in Table 2. Compared to QCVN 03:2023/BTNMT for agriculture soil [36], soil quality
in the study area was within acceptable limits.

Table 2. Concentrations of heavy metals in soils in the metalware handicraft village (mg/kg).

Sampling point As Cd Cr Cu Mn Ni Pb Zn

S1 3.59 ND 21.2 13.8 480 10.8 154  67.6

S2 0.46 ND 125 224 276 20.7 26.5 120

S3 3.95 ND 15.4 11.2 237 10.5 194  62.7

S4 4.21 ND 21.2 17.5 192 18.5 302 735

S5 4.89 ND 18.8 124 388 17.4 235 886

S6 10.4 ND 17.7 29.6 530 21.3 17.7 104

S7 6.76 ND 26.2 14.6 490 24.8 228 59.0

S8 451 ND 18.4 17.4 226 15.6 247 893

S9 7.35 ND 18.4 8.0 536 12.0 182 473

S10 5.01 ND 20.9 20.7 98.2 18.2 201 714

S11 7.24 ND 245 22.8 355 27.4 20.7 593

S12 3.13 ND 17.7 19.5 171 15.1 240 845

S13 3.99 ND 20.1 16.8 322 15.8 202 629

S14 7.33 ND 20.6 13.7 421 15.5 19.9 119

Average 5.20 ND 27.6 17.2 337 17.4 217  79.2
QCVN

03:2023/BTNMT [36] 25 4 150 150 - 100 200 300

Note: ND: Not detectable

The research area is a low-lying area with 63.4% of its land dedicated to agriculture,
primarily for rice and seasonal vegetables, is decreasing in farmland area due to industrial
development. According to the interview result, the levels of satisfaction with soil quality
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among households were as follows: very satisfied (2%), satisfied (28%), neutral (54%), dis-
satisfied (12%), and very dissatisfied (4%) (Figure 2b).

@ Very dissatisfied Very dissatisfied

o B Dissatisfied
3 Dissatisfied

O Medium
O Medium
0O Satisfied
o Satisfi
Satisfied m Very satisfied

Figure 2. (a) The level of people’s satisfaction with air quality; (b) The level of people’s satisfaction
with soil quality.

Water quality (S1-3): Water quality of the metalware handicraft village including
wastewater, domestic water, groundwater, and surface water is shown in Table 3. The
analytical results show that COD values in wastewater and surface water ranged within 53-
171 mg/L and 26-95 mg/L, respectively. The COD values in surface water were 1.7-6.3 times
higher than the QCVN 08:2023/BTNMT (Column B). High BODs values (10-77 mg/L) were
also found in all 8 sampling points. High concentrations of NH4" were recorded in 13/14 water
sampling points. This result can be explained by NH4" sources such as using chemical NH4Cl
in the plating process (particularly highest in the W1 sample with 33 mg NH4*/L), domestic,
and agricultural activities. Groundwater and domestic water (tap water) which are pre-treated
and supplied by a water supply are also contaminated with NH4*, possibly due to the fact that
groundwater with high NH4" concentrations is the input water source for the local water supply
plant. Some surface water samples collected in the river and lake near paddy field and vegetable
gardens (W8, W9, W12, and W14) show that the concentrations of both POs* and NH4" ex-
ceeded regulation limitations, implying the possibility of residues of chemical fertilizers. Re-
garding heavy metals, the concentrations of Fe and Mn found in domestic water (W3),
groundwater (W6) and surface water (W9-W14) exceeded the allowable values [38—40]. The
concentrations of heavy metals agreed with the village’s current status of restricting and
removing the plating in the production process, decreasing the discharge of the heavy metal
polluted wastewater after plating into the environment.

The water quality index (WQI) was calculated for surface water based on the analytical
results of 3 parameter groups: pH, heavy metals, and organic and nutritional parameters [34].
The WQI of the metalware handicraft village is presented in Table 4, ranging within 31-61,
indicating the water quality status as moderate (W7, W10, and W11), and poor (W8, W9,
W12, W13, and W14). In which, WQI in W8, W9, and W12 were lower than other points
because surface water at these points received wastewater from both domestic, production,

S R
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AR 2\ @ Very dissatisfied [ # B Very dissatisfied
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,,,,,, B AEENENENEIEI | [ o
------- oy
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Figure 3. (a) The level of people’s satisfaction with drinking water quality; (b) The level of
people’s satisfaction domestic water quality.
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and agricultural activities. According to the report of local authorities in 2023, 83% of house-
holds in the metalware handicraft village used tap water supplied by a local water supply
plant, while the remaining households still primarily relied on groundwater for their daily
needs [27]. However, both groundwater and surface water in the commune have been possi-
bly affected by metalware production activities, livestock farming, and agriculture. As a re-
sult, only 9% of residents were satisfied with the drinking water quality (Figure 3a), and 8%
were satisfied with the water quality for domestic use (Figure 3b). Most households have
installed water filtration systems at home to ensure the water quality before use.

Table 3. Water quality in the metalware handicraft village (mg/L).

Sampling

point pH PO& NOy COD BODs NH, As Cd Pb Zn Cu Ni Fe Mn Cr
- W1 67 054 018 171 10 328 0002 0 0005 098 0004 0012 2288 0125 01l
5 w2 67 032 021 53 14 555 0006 0001 0003 015 0005 0006 0.806 0388 0.03
g Average 67 043 09 112 12 192 0004 0001 0004 057 0004 0009 1547 0.256 0.07
k7]
$ SOWN %S 6 40 150 50 100 01 01 05 3 2 05 5 111
. W3 65 005 Lol - — 124 00060 00LL 008 0.004 0004 0568 0082 0.001
g W4 68 002 121 - — 104 0005 0002 0004 0049 0005 0009 0.084 0.017 0.001
2o Average 66 004 111 - — 114 00L_ 000L 00l 006 0004 0007 0.326 005 0.001
=]
£ QCVNOL- 6.0
s e e -2 - ~ 030 00l 0003 00l 2 1 007 03 01 005
_ W5 83 007 220 - — 425 0005 0 0006 0126 0.002 0005 0.606 0055 0.002
2 W6 57 046 236 - — 5510004 00L 0002 0047 ND 0002 142 0.376 0.008
z Average 7.0 027 228 - — 488 0.005 0005 0.04 0087 0.002 0003 742 0216 0.005
o
3 QCVN 5.5~
g R T ~ 100 005 0005 00l 3 1 002 5 05 005
W7 79 009 028 60 24 419 0005 0 _ 0.00L 0023 0002 0003 0576 0067 0.001
W8 71 197 054 95 77 1001 0.002 000L 0.03 0109 0.04 0004 0.126 0.053 0.001
W9 68 047 039 55 29 688 0016 0 _ 0.005 0034 0.003 0006 0.945 0604 0.001
. W10 69 014 054 26 17 380 0008 0 _ 0.005 0.033 0.003 0013 6157 0562 0.004
2 WL 59 012 070 28 10 _ 475 0006 _ 0 _ 0.003 0.026 0.02 0.005 3342 0338 0.002
= W12 60 088 026 48 35 826 0.002 0003 0.004 0193 0001 001l 048 0379 0.002
g W13 66 015 0.68 67 48 589 0004 0 _ 0.002 003 0002 0002 0.386 0.38 0.001
5 W14 66 092 057 35 14 487 0004 0 __ 0.004 0022 0002 0005 0.957 0333 0.002
Average 6.7 059 049 52 32 _ 608 0.006 0.001 0.003 0059 0002 0006 1621 0309 0.002
QCVN  6.0-
o %% <3 <us <15 <6 030 001 001 002 05 01 01 05 01 005

Note: Bold values represent concentrations exceeding the allowable standards; QCVN 40:2011%: QCVN

40:2011/BTNMT (Column B) [37]; QCVN 01-1:2018% QCVN 01-1:2018/BYT [38]; QCVN 09:2023% QCVN
09:2023/BTNMT [39]; QCVN 08:2023% QCVN 08:2023/BTNMT (Column B) [40].

Table 4. Water quality index (WQI) in the metalware handicraft village.

Sampling Water quality Sampling Water quality
point wal status point wal status
W7 53 Moderate w11 56 Moderate
W8 31 Poor W12 36 Poor
W9 36 Poor W13 46 Poor
W10 61 Moderate W14 46 Poor

Land resources (S1-4): In the past, most plating wastewater was directly discharged into
the environment, with only a small portion collected and treated at the industrial cluster's
treatment plant. This wastewater contaminated the soil, impacting agricultural production
and reducing crop yields. Over the past decade, increased awareness of the toxicity and
pollution from metal plating has led most households in the study area to discontinue this
process, resulting in gradual improvements in soil quality. The result of the social survey
shows that the impact of the craft village’s production on soil quality was rated as very
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influential (16.4%), moderately influential (20.9%), slightly influential (50.7%), and not at
all influential (16.4%). In addition, according to social surveys, the impact of farming on
soils was assessed as very high by 1.5%, high by 41.8%, moderate and low by 23.9% each,
and no impact by 9%.

Water quantity (S1-5): Similar to their impact on soil resources, both metalworking and
agricultural activities directly affected local water resources. Residents have gradually re-
duced pollution by using organic chemicals and fertilizers or implementing nature-based ag-
ricultural solutions. However, 41.8% of residents thought that metalworking had a significant
impact on water resources, while 17.9% believed agriculture had a major effect.

3.1.2. Reducing environmental stresses (S2)

The results of the social survey demonstrate that environmental quality gradually de-
creased in both air, soil, and water (S2-1, S2-2, and S2-3) because of population growth and
expansion of production area. However, 100% surveyed households used chemical fertilizers
and pesticides with different frequencies of use, from little to completely. Metalware handi-
craft village generates solid waste from both domestic activities and production processes.
Waste is collected regularly, four times a week, and transported to the landfill, which covers
an area of 800m2. This system ensures that 100% of residential waste is collected promptly.
With the increasing population and expansion of production areas, the social survey shows
that solid waste from domestic sources increased by 83.6%, and from production by 53.7%
(S2-4). However, some residents reported a decrease in domestic waste (14.9%), and
production waste (25.4%), attributing this to improved waste management practices such as
sorting, collection, recycling, and reuse at the source. Hazardous waste from production in
the study area includes tools, chemical-contaminated rags from plating, welding, and painting
processes. However, this waste is not separated, collected, and treated regularly. According
to interviews with residents, hazardous waste decreased slightly by 53.7%, significantly by

OHigh OHigh

B Moderate OModerate
DLow OLow

@ Very high BHigh
OHigh o Moderate
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mLow m No impact
m No impact

Figure 4. (a) Assessment of local people about the impact of air quality on health; (b) Assessment
of local people about the impact of noise on health; (c) Assessment of local people about the
impact of water quality on health; (d) Assessment of local people about the impact of soil quality
on health.

11.9%, and increased slightly by 28.4% (S2-4). Moreover, along with the advancements in
science and technology, production equipment and machinery become more modernized.
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High-capacity and electrically-powered devices are replaced by those running on fossil fuels,
contributing to a reduction in the local consumption of non-renewable energy.

3.1.3. Reducing human vulnerability (S3)

The result of the social survey shows that the environmental quality affected directly to
human health, especially air, noise (S3-1), and water (S3-3) with 67%, 72%, and 81% (Figures
4a-c), respectively, whereas the impact of soil on human health (S3-2) was evaluated as high
(14%), moderate (25%), low (45%), and has no impact (16%) (Figure 4d). Noise pollution is a
concerning issue in the study area, disrupting the daily lives of non-craft households, and
leading to deep environmental conflicts between production and non-production households.

3.1.4. Social institutional capacity (S4)

Environmental management efficiency (S4-1): The social survey results show that persistent
conflicts and complaints about the environment and clean water remain unresolved. Community
meetings and dialogues are lacking, requiring better coordination among local authorities.
According to residents, 6% rated management as very poor, 23.9% as poor, 49.3% as average,
and 20.9% as good.

Wealth (S4-2): According to a report of Commune People's Committee, the study site
had no household classified as poor, with 134 near-poor households, accounting for 3.78%,
a decrease of 1.02% from 2022 [27]. Compared to the national multidimensional poverty rate
of 5.71% in 2023, which included 2.93% poor and 2.78% near-poor households [41], the rate
in the village is 1.93% lower than the national average.

Awareness (S4-3): The metalware handicraft village lacks an effective centralized
wastewater treatment system. Most household wastewater is only pre-treated through basic
methods such as septic tanks before being discharged into the environment. The metalware
industrial cluster in the study area had a 500 m? wastewater treatment plant, operated from 2006
with a capacity of 200 m3/day. However, the operation of the treatment plant has stopped since
2020. In contrast, all domestic waste is collected and transformed to treat regularly, 4 times per
week to ensure the clean environment of residents. For agricultural residues, particularly rice
straw, 56.7% of surveyed households have utilized it for organic fertilizer, creating a natural
and sustainable source for the next crop, improving soil quality, increasing crop yields, and
reducing costs.

Knowledge (S4-4): Interview results show that people have not actively participated in
the training courses on environmental protection. Approximately 67.2% of households did
not attend any training courses, while 33.8% attended 1-2 times per year.

Environmental protection efforts (S4-5): According to residents, local authorities have
gradually paid more attention to environmental protection and have addressed emerging
environmental issues. However, there are still delays and obstacles in enforcing
environmental regulations, especially concerning craft village production sites. The survey
results demonstrate that 26.9% of residents rated the local government's concern for
environmental protection as good, 41.8% as average, 20.9% as poor, and 10.4% as very poor.

3.1.5. Environmental sustainability assessment of the metalware handicraft village

AHP results show that the weight of components S1, S2, S3, and S4 was 0.27, 0.26, 0.25,
and 0.22, respectively. In detail, indicators of S1-3, S2-3, S3-3, and S4-1 had the highest
weight in the components S1, S2, S3, and S4, respectively, indicating the priority for indica-
tors regarding water source and environmental management efficiency of local authorities.

The results of quantitative environmental sustainability assessment of the metalware
handicraft village demonstrate that 1/17 indicators are at high sustainability (0.81-1.00) (S4-
2), 1/17 indicators are at relatively high sustainability (0.61-0.80) (S1-2), 7/17 indicators are
at medium sustainability (0.41-0.60) (S1-1, S1-4, S1-5, S2-4, S3-2, S4-1, and S4-3), 3/17
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indicators are at low sustainability (0.21-0.40) (S1-3, S2-3, and S4-5), and 5/17 indicators
are classified as at unsustainable (0-0.20) (S2-1, S2-2, S3-1, S3-3, and S4-4) (Table 5). The
sustainability of S1, S2, S3, and S4 categories is 0.57, 0.26, 0.25, and 0.44, respectively
(Figure 5). The total environmental sustainability of the metalware handicraft village is 0.38,
indicating the low sustainability.

Table 5. Environmental sustainability assessment of the metalware handicraft village.

Catedories Indi- Weighted assess- Catedories Indi- Weighted assess-
g cator _ment (Scale 0-1) g cator _ment (Scale 0-1)
S1-1 0.47 Reducing human S3-1 0.13
. S1-2 0.80 o S3-2 0.54
Esn\gltgﬁg\(esnlt?l S1-3 0.30 vulnerability (S3) 533 0.09
y S1-4 0.59 S4-1 0.54
S1-5 0.48 Social institutional ~ S4-2 1.00
. S2-1 0.19 capacity (S4) S4-3 0.48
enviror?ézﬂf;?gtresses 52-2 0.06 S4-4 0.10
(S2) S2-3 0.32 S4-5 0.36
S2-4 0.43 Overall assessment 0.38

Environmental
systems (S1
S (S1)

Reducing
environmental
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Figure 5. The environmental sustainability of the metalware handicraft village.

3.2. Solutions for enhancing the environmental sustainability of the metalware handicraft
village

The study results point out that the environmental sustainability of the metalware hand-
icraft village has faced the high stresses from air, and water pollution, the increasing health
risk and the challenges in environmental management and protection of local authorities and
residents. Therefore, the following solutions are needed to ensure environmental sustainabil-
ity in the study area.

3.2.1. Policy

Hanoi has issued various policies not only to develop rural crafts and craft villages [42—
45] but also to protect the environment in these areas [46-49]. However, the implementation
of these policies in the study area faces many challenges, primarily due to a lack of financial
support from local authorities and insufficient community participation. The technical infra-
structure in the craft village such as water supply and drainage systems, waste and wastewater
treatment remain incomplete, significantly affecting water quality (S1-3) and increasing en-
vironmental pressure (S2-2, S2-3, and S2-4). Therefore, investment is needed to improve
clean water infrastructure to ensure the quality of domestic water, to construct effective
wastewater drainage systems, and to establish waste treatment facilities, along with other
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specific infrastructure plans for the village. In addition, monitoring activities for environmen-
tal compliance should be strengthened, with strict actions taken against non-compliant pro-
duction facilities.

3.2.2. Technology

According to analysis results, water quality in the metalware craft village was polluted
with PO4*, NH4*, COD, BODs, and heavy metals (i.e., Cd, Pb, Fe, and Mn). Water quality
(S1-3) is assessed as low sustainability, the other criteria regarding tresses on air (S2-1) and
soil (S2-2) and the impacts of air and water quality on human health (S3-1 and S3-3) are at
unsustainability level (Table 5). Therefore, to ensure environmental sustainability in the
study area, appropriate technological solutions are proposed as follows: (1) Innovating pro-
duction equipment from manual to automated systems, using environmentally friendly tech-
nology and cleaner production methods to increase productivity, to maximize resource effi-
ciency, to minimize waste generation, and to reduce environmental pollution; (2) Upgrading
outdated waste and wastewater treatment systems; (3) Applying more cost-effective and en-
vironmental friendly for remediation of contaminated water.

3.2.2. Others

Interview results and environmental sustainability assessment of the metalware craft
village indicate that 67% of surveyed households were affected by air quality issues,
particularly noise from production, with the indicator S3-1 being evaluated as unsustainable
(0.13). Therefore, regulations on production hours are needed to ensure workers' rest, to
minimize impacts on neighboring households, and to reduce environmental conflicts.
Additionally, air quality is also affected by nearby production activities (carpentry village
and industrial park). Therefore, air quality issues require coordinated attention and action
from various levels of government and local authorities.

The low percentage of households participating in environmental protection training and
unsustainability level of the related indicator (S4-4 = 0.1) imply the necessity to enhance
communication, to share information, and to organize environmental protection training
sessions effectively to encourage active participation from residents.

Other administrative solutions are recommended such as (1) Control and treat pollution
at the source; (2) Develop long-term, medium-term, and short-term environmental protection
plans, ensure alignment of goals and available resources; and (3) Strengthen effective collab-
oration among stakeholders in environmental protection and sustainability maintenance.

4. Conclusions

A set of 17 indicators belonging to 4 components (environmental systems, reducing en-
vironmental stresses, reducing human vulnerability, and social institutional capacity) is
proposed and applied for quantitatively environmental sustainability assessment of a
metalware handicraft village in Hanoi, Vietnam. The results demonstrate that the environ-
mental sustainability of the study area is 0.38, indicating low sustainability. It is crucial to
implement measures to promote sustainability in both the metalware village and other craft
villages. This result may provide scientific data and solutions for ensuring sustainability not
only in the study area but also in other craft villages in Vietnam. This is an initial study that
provides a preliminary assessment of environmental sustainability. Further research is needed
to quantify air quality parameters, pollution levels, health impacts, and to propose additional
indicators for a more comprehensive evaluation of environmental sustainability in the study
area.
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Abstract: Worldwide, the utilization of Unmanned Aerial Vehicles (UAVS) has been de-
ployed in a wide range of resources management practices. The UAVSs serve as valuable and
visible tools for managing water resources, forests, agriculture, and land use change. Undoubt-
edly, the application of UAVs surpasses traditional methods in terms of efficiency, offering
significant time and cost savings. Meanwhile, Artificial intelligence (Al) has emerged as a
critical technology in the realm of information technology, particularly when it comes to image
segmentation. The purpose of this study is to integrate UAVs and Al for mapping shrimp farms
in Long An province, Mekong Delta. By leveraging Al, we empower systems to learn intricate
image features and subsequently identify and segment objects within those images. In the con-
text of modern agricultural management practices, we leverage UAV imagery as input data for
Al systems to identify shrimp ponds, the image recognition platform is Deep Learning (DL)
based on U — Net structure. Using the shrimp pond boundary on the 1:1000 scale topographic
map as reference data, the results of this method showed a recall of 83.3%, corresponding to a
miss rate of 16.7%. The precision of the method was 85.7%, corresponding to a misidentified
shrimp pond extraction rate of 14.3%. The results suggest that the combination of UAVs and
Al to mapping shrimp farms can facilitate efficient monitoring and management practices for
local authorities. Thus, this integration is a promising application to assist and enable agri-
cultural planning and regional economic development activities.

Keywords: UAV; Al; DL; Shrimp pond map.

1. Introduction

Since 1970, the global practices of shrimp farming cultivation have undergone the rapid
growth of both area and intensive cultivation. Particularly, Southeast Asia is the most bur-
geoning region, which remains a dominance of the world’s shrimp production [1]. Asian
countries collectively contribute approximately 55% to the world’s total shrimp exports. No-
tably, Vietnam stands out as one of the top three shrimp exporters globally, alongside India
and Ecuador [2]. Among the top Asian shrimp exporters, India, Vietnam, Indonesia, Thai-
land, Bangladesh, and China contributed to nearly 92% of the regional shrimp exports [3].
As a part of the Mekong Delta’s broader policy, Long An province specifically promoted the
transformation of low productive rice-cultivation land into aquaculture areas. The shift of
this strategic aims to enhance land utilization efficiency and boost income for the livelihoods
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of local households [4]. Simultaneously, this conversion initiative seeks to restructure agri-
cultural production in specific regions and localities, leveraging the unique advantages of
specific land areas and natural conditions. The ultimate goal is to foster favorable conditions
for sustainable agricultural development [5-6]. Thus, Long An province has chosen shrimp
cultivation as one of aquaculture’s mainstay to benefit from high-tech production methods
during the 2021-2025 period. To enhance production efficiency, Can Giuoc district and the
broader province have actively promoted the transition from traditional shrimp practices to
high-tech farming approaches. These advanced methods include multi-stage nursery ponds,
bottom siphons, bottom oxygen, automatic feeding machines, frequency converters, Biofloc
water treatment technology, and microbiological techniques [7].

As high-tech methods revolutionize shrimp farming, modern solutions are also employed
to collect, construct, and manage aquaculture map data specifically related to shrimp. This
data serves as the foundation for analyzing local climate, soil conditions, and farmers’ prac-
tices and techniques in shrimp farming. Simultaneously, it plays a crucial role in land man-
agement, aligning with state policies [8].

An aircraft that operates without a human pilot onboard is commonly known as An Un-
manned Aerial Vehicle (UAV). This kind of facility has evolved significantly over time and
now serves a multitude of purposes, from military reconnaissance to civilian applications like
aerial photography and environmental monitoring [9]. UAVs are revolutionizing global ag-
riculture by enabling precision management of critical inputs, including the use and type of
fertilizers, agrochemicals, and natural resources (soil and water). The impact of UAV appli-
cations is far-reaching such as efficiently survey implementation in large areas in a short
time, offering real-time solutions through advanced data analytics tools [10]. In fact, UAVs
serve as a valuable platform for efficiently managing resources and monitoring the environ-
ment, especially in the face of complex challenges posed by rapid changes in anthropogenic
activities and climate change effects.

Researchers harnessed multispectral imagery captured by a UAV to monitor the cultiva-
tion of Kappaphycus alvarezii (commonly known as Kappaphycus), a type of seaweed. By
estimating fresh weights of seaweed and carrageenan across different days in three cultiva-
tion cycles, they derived daily growth rates. The innovative approach of UAVs - a kind of
remote sensing facility - performs an amplitude application for precision aquaculture, specif-
ically benefiting Kappaphycus cultivation [11]. Due to prominent features, UAVs play a cru-
cial role in aquaculture farm management and monitoring, particularly for offshore cages
(floating fish-cage cultivation). Accordingly, UAVs assist to collect data on various param-
eters such as the quality and pollutants of water, temperature of water bodies, the velocity of
water flow, and the behavior of fish. Equipped with sensors and advanced technologies,
UAVs can even detect the cages themselves and monitor for illegal fishing activities. This
integration of UAVs contributes to a precision aquaculture framework [12-14]. Previous
studies have explored the use of UAVs to establish marine ecosystem zoning and create ag-
uaculture status maps. These maps synchronize data, offer valuable information for manage-
ment, and aid decision-making processes [15-16].

Recent far-reaching developments of artificial neural network, Al has brought a magni-
tude of its application for various areas. Al refers to the capability of machines to operate
independently, without manual guidance. These Al-based systems are typically programmed
for automation, and they incorporate human intelligence to make decisions, especially in crit-
ical situations [9-10]. The algorithms of image recognition constitute statistical, syntax, and
pattern matching data. In recent years, advancements in neural network and support vector
machine technologies have propelled image recognition to new heights [11]. Deep learning
(DL), a subset of Al, operates through artificial neural networks. It excels at analyzing and
processing data, simulating aspects of the human brain [12]. DL architecture encompasses
both supervised and unsupervised models. In the supervised realm, different types of DL
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were deployed, including recurrent neural networks (RNNSs), long short-term memory
(LSTM), gated recurrent unit (GRU), convolutional neural networks (CNNs), and generative
adversarial networks (GANSs). On the unsupervised side, we encounter deep belief networks
(DBNS), Deep Transfer Networks (DTNs), Tensor Deep Stack Networks (TDSN), and auto-
encoders (AEs). These models play crucial roles in tasks ranging from image recognition to
feature extraction [13]. The U-Net is known as a popular architecture of neural network made
its debut in 2015 within the medical field. It’s a DL framework specifically crafted to max-
imize efficiency when working with limited data while still achieving impressive speed and
accuracy [14]. Accordingly, the U-Net architecture was applied for image segmentation, that
features a distinctive design comprising two main components of path: the contracting path
and the expansive one. In the contracting path, encoder layers extract contextual information
and down sample the input’s spatial resolution. In order to decode layers, the expansive path
was employed to reconstruct the encoded data, leveraging skip connections that incorporate
information from the contracting path. Ultimately, U-Net generates accurate segmentation
maps [15]. The U-Net architecture derives its name from its distinctive “U” shape (Figure 1).
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Figure 1. U-net architecture [16].

The study objective is to deploy the integration of UAV and Al for constructing shrimp
pond maps with a case of Can Giuoc district, Long An province. In this study, we leverage
the U-Net architecture to meticulously segment and distinguish shrimp ponds. The input data
comprises processed UAV images, then transformed into detailed image maps.

2. Materials and Methods

2.1. Study area

The study area constitutes two communes (Phuoc Lai and Phuoc Vinh Tay) of Can Giuoc
District, Long An province. Can Giuoc District, situated in the south-eastern part of Long An
Province, which holds a significant geographical importance since it serves as a gateway to
both Ho Chi Minh City and south-western provinces of the Mekong Delta area. The study
area lies at approximately 10°36°15” North latitude and 106°41°44” East longitude. Its terrain
resembles a river delta near the mouth, characterized by flat expansion intersected by a net-
work of rivers and canals. Notably, 48.34% of the natural area consists of saline and alum
soil, making it well-suited for high-yield aquaculture.
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Situated along the banks of the Can Giuoc River, the District has emerged as a prominent
hub of the provincial brackish water shrimp production. Approximately 90% of shrimp pro-
duction consists of white-leg shrimp (scientifically known as Litopenaeus vannamei). The
study area spans approximately 135 hectares and is strategically positioned within a govern-
ment-invested zone dedicated to advancing shrimp farming by adopting high-tech agricul-
tural practices.

«_Vinh Hung
3 BucHu ) DicHéa

Tén Hung ' > |
Moc Hoa

{

Bintee

S50 o2
Y] b
1 CinGuOc‘w

= Y&IM : Tén ™l % )
Fan 0t~/

- Q«A o Tl '; N
v

o Thannhea ) ThiThia

Téin Thanh

J; Ly P 3 < 3 ; ! V"—‘ . ,.‘ 2
i % 3 b 3 o \ \ J ot =
i o . : N
M o 7 o 4 p T & - 5 y
s r— - 3 3| ; > - ~ % ( o
« V4 o & = / & b} ]
MALAYSIA q P - - = > 0 /
o - G
W A TN T _
0 w0 20 an w0 ™~

..... Seale: 1:10,000,000
.

Figure 2. The study area is located between two communes (Phuoc Lai and Phuoc Vinh Tay).

2.2. Data and methods

The data collection process relies on the Trimble UX5 device, a specialized tool with a
long history in mapping applications. The UX5 system comprises five key components: the
aircraft fuselage, camera, ground control, launcher, and device detector. Notably, the fuselage
weighs 2.5 kg, boasts a 100 cm wingspan, and features a wing area of 34 dm? enhancing
UAV stability during photo capture (Figure 3a). As for imaging, the Sony A5100 camera
plays a crucial role, offering a resolution of 24.3 megapixels (Figure 3b).

a) UAV UXS5 b) Camera Sony A5100

Figure 3. UAV and camera attached to UAV.
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The field investigation was carried out
on March 30, 2023, in which flights of the  Focal length: f;
UAV took place at 300 m of altitude. For ¥ S
coverage, both overlap tracks of along and
across sides were set to 80%. Additionally,
the vertical angle during the flight was 90
degrees (Figure 4).

The Trimble UXS5 utilizes advanced
technology of Post Processed Kinematic -
Global Navigation Satellite System (PPK
GNSS) to precisely determine the location
of captured images, resulting in time
savings during field operations. Before
feeding these images into the image
processing software, their locations are
adjusted and recalculated for high
accuracy. Agisoft Metashape software
plays a crucial role in processing the

<— Image plane
(Focal plane)

Optical axis

Ground

Figure 4. Camera angle is 90 degrees for all photos taken.
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The process of using a DL model to |
extract shrimp ponds typically involves Build Orthomosaic

three phases. First, there’s data prepara-
tion, where relevant imagery or data about Figure 5. Procedure of image processing.

the ponds is gathered. Next comes model

training, during which the DL model learns from this collected data. Finally, model imple-
mentation is deployed to analyze new image sets and identify shrimp ponds.

During the data collection phase for shrimp pond mapping with DL, several key steps
are involved. First, unprepared image data is gathered, including data captured by UAVS in
the project area and other available sources. Next, preprocessing steps are performed to stand-
ardize image sizes and remove noise. The dataset is then enriched by incorporating algorith-
mic variables. Subsequently, the data image set is categorized into training and test data. The
dataset is essential to training the DL model, while a data checker evaluates optimal values
and parameters within the model (Figure 6).

In the module training phase, several key steps are involved. First, the processed dataset
is assigned to the DL model using a U-Net architecture. Next, the output data is evaluated
after the model is applied to the input dataset. The training dataset plays a crucial role in
training the DL model. Additionally, during this step, optimization functions are tested to
select the optimal parameters for enhancing the model’s performance.

The model implementation phase involves several critical steps. First, the output data
from the optimized DL model is digitized. Next, this digitized data is synchronized with the
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web application’s database, where it undergoes processing and storage either on an on-prem-
ises server or in the cloud. Finally, a web application is created to facilitate end users’ access
to and modeling of map data. In our study, we structure the output data in two formats: raster
and shapefile with polygon geometry. These formats allow us to represent spatial information
effectively. Additionally, we link the results to background data available on the web. This
preliminary verification process ensures the correctness of the coordinate system alignment
and the accurate classification of characteristic objects.
P \\,
/ \‘

\
> )
e \ .

Figure 6. Different data samples of shrimp ponds.
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3. Results
3.1. Identification of shrimp ponds using Al (DL)

After the DL model processes the data, the resulting output is transformed into a shape-
file format (specifically, a polygon format). This shapefile is then uploaded to Open-
StreetMap an excellent resource that combines features of a free and open website, an online
map, a search engine, and a geodata editor. After uploading, the Shapefile data can be down-
loaded and further processed using ArcGIS software on a personal computer.
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The verification dataset comprises a 1:2000 scale topographic map generated from UAV
images. Technicians manually digitized the data layers on this map, which was officially
accepted in 2023. To assess the performance of the DL model, the hydrological layer con-
taining shrimp ponds from the topographic map was overlaid with the DL-generated shrimp
pond data. A confusion matrix was then constructed by using this combined dataset to eval-
uate the model’s accuracy (Table 1).

Table 1. The confusion matrix with data evaluation values of DL model for shrimp pond.

2 Predicted based on DL

g = Shrimp Pond Other
g = Shrimp Pond 204 (TP) 41 (FN)
= Other 34 (FP) 10 (TN)

Using formulas (1) and (2) we can calculate the following results: Precision = 85.7%);
Recall = 83.3%.

The detection and extraction of shrimp ponds from the DL model achieved a precision
of 85.7%, showing that out of 238 shrimp ponds extracted by DL, 204 were correct, and the
remaining 34 were mistakenly identified. The reason for the mistake was the similarity in
shape and color between shrimp ponds and rice fields that had not been sown or had newly
grown rice plants that were still very small (Figure 8).

a) Shrimp pond b) Rice paddy field
Figure 8. Similarity in shape and color between shrimp pond and rice paddy field.

The recall of the DL model when identifying shrimp ponds is 83.3%, showing that out
of 245 shrimp ponds on the topographic map, DL correctly identified 204 shrimp ponds,
while the remaining 41 shrimp ponds were missed and could not be identified by the DL
model. This shortcoming comes from the fact that the actual shrimp ponds at the time of
taking the photos were abandoned, leading to water drying up and weeds covering the ponds
(Figure 9).

*®

~r

a) Abandoned shrimp pond on UAV images b) Shrimp pond in totographic map

Figure 9. Similarity in shape and color between shrimp pond and rice field.
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3.2. Shrimp pond map editor

In the study area, the shrimp ponds exhibit consistent shapes. Their total area amounts
to 42.4 hectares, which corresponds to 31.4% of the entire area (135 hectares). On average,
each shrimp pond covers 1843.8 m?. Interestingly, there’s one pond specifically designed in
a circular shape for shrimp larval cultivation.

In the center of this area lies the Rach Van River, dividing it between the two communes
(Phuoc Lai and Phuoc Vinh Tay). The meticulously edited map of shrimp ponds is rendered
at a scale of 1:5000 (Figure 10). Amidst this landscape, scattered rice fields dot the terrain
some still under cultivation, while others lie abandoned due to the challenges of low rice
productivity.

Map of Shrimp Ponds in Phuoc Lai and i
Phuoc Vinh Tay Communes, Can Giuoc District, “®.
Long An Province in 2023 S

- \ by 124

Location Map

Legend

Shrimp Pond

Rice Land

- River, Canal

0 625 125 250 375 500
-——

Scale 1:5000

Figure 10. Map of Shrimp Ponds in two communes (Phuoc Lai and Phuoc Vinh Tay) in 2023.

4. Discussion

In our study, we employed DL technology based on the U-Net architecture to extract
shrimp ponds. The achieved accuracy of 85.7% and recall of 83.3% is commendable, alt-
hough it falls short when compared to previous studies focused on object extraction. Notably,
Farajzadeh and colleagues successfully extracted building footprints with an impressive ac-
curacy of 97% and a recall of 91% [25]. The key lies in the distinct features of buildings clear
shapes and colors which facilitate their recognition. Additionally, Farajzadeh et al. leveraged
a combination of orthomosaics and Digital Surface Models (DSMs), where buildings of var-
ying heights were represented in different colors. This approach led to highly accurate and
well-recalled building footprint extraction, minimizing misclassification and omission.

During our study, we encountered an important consideration when extracting shrimp
pond boundaries: situations where the waterline and the actual shrimp pond boundary do not
align perfectly. Dry ponds, in particular, exhibit this discrepancy, which can lead the DL
model to mistakenly identify the waterline as the pond boundary (Figure 11). To address this,
specific parameters must be fine-tuned for the DL model when identifying shrimp ponds in
such cases.

Another challenge arises when extracting shrimp ponds using DL: the robust growth of
trees within these ponds. Sometimes, trees can obscure parts of the pond boundaries,
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complicating the extraction process (Figure 12). To address this issue, field investigations
and surveys become e

a) Shrimp Ponds in UAV images b) Shrimp Ponds (Blue green pastel polygon is the
pond created by DL, the dark violet polygon is
the pond on the topographic map

Figure 11. The waterline and the shrimp pond boundary do not coincide.

a) Shrimp Ponds in UAV images b) Shrimp Ponds (Blue green pastel polygon is
the pond created by DL, the dark violet
polygon is the pond on the topographic map

Figure 12. Shrimp pond boundary covered by vegetation.

5. Conclusion

Al is gradually becoming familiar in various fields. When we use DL technology with
image recognition, it significantly reduces the need for manual digitization, ultimately saving
valuable time and effort.

In our research, achieving an accuracy of 85.7% and a recall of 83.3% for shrimp ponds
extraction is a positive outcome. It underscores the successful synergy between remote sens-
ing technology particularly utilizing UAV images and Al techniques. Notably, this approach
isn’t limited to shrimp ponds alone; it holds promise for creating other thematic maps as well.

However, there is no coincidence of waterline and shrimp pond boundary or shrimp pond
boundary covered by vegetation. These are the problems that this study encountered, making
it difficult for the DL model to accurately segment the image. Future studies on this hurdle
should be made to improve precision.

To enhance work efficiency, we recommend combining the U-Net architecture with
other neural network architectures within the DL model. Additionally, if feasible, leveraging
multispectral data collected from UAVSs as input material for the DL image recognition model
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holds great promise. This approach can lead to more accurate and comprehensive results in
identifying and mapping features like shrimp ponds.
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Abstract: This study examines the considerable impact of Saline Intrusion (SI) on the liveli-
hoods of households (HH) in Vietnam’s Mekong Delta (VMD) which is main rice production
powerhouse of the country. As a notable occurrence in the region, its damage has been evalu-
ated through both quantitative and qualitative approaches. The principal conclusions are to the
identification of capital elements via the examination of sustained damage and resilience in
addressing forthcoming crises. The analysis of gathered data has shown the growing threat to
the estuary’s agricultural output caused by the incursion of SI. This has particularly affected
food production, which is a crucial and longstanding industry in the VMD’s economy. There-
fore, it is essential to prioritize the implementation of sustainable agricultural practices and
develop ways to bolster resilience, which includes enhancing disaster preparedness and pro-
moting sustainable livelihoods. This paper means to setup precedent for future studies, advo-
cating for the inclusion of socioeconomic and ecological factors in policy framework develop-
ment to mitigate the risks posed by environmental alteration and improve the resilience and
adaptability of impacted farmers.

Keywords: Salinity intrusion; Agriculture base; Loss threshold; Household livelihoods; Re-
silience quality; Adaptive capacity.

1. Introduction

In recent decades, the repercussions of climate change on the environment and humanity
have arisen as among the most significant topics of discussion and concern on the
international policy agenda [1-3]. A contemporary critical submission, the fifth evaluation
publication of the Intergovernmental Panel on Climate Change (IPCC) of the United Nations
addresses the devastating impacts of the changing climate on economic sectors such as
agribusiness [4, 5]. Southeast Asia’s economic output would be marginally impacted by a
decline in agricultural productivity [6], given the predicted reduction of the agricultural
segment [7, 8]. According to Ministry of Agriculture and Rural Development (MARD), the
VMD is a significant rice-producing in the region [9, 10], contributing 18 percent to the
overall Vietnam’s GDP [11, 12]. However, this area is threatened by the effects of climate
crisis and its implications, as the intensity of such crisis has grown over the past decade [13—
16]. SlI, which closely relates to this dire environmental disaster, is a natural phenomenon
caused by water scarcity, upstream dam activity, and rising sea levels [17—20]. This situation
has drastically influenced the likelihood of people across the delta, resulting in considerable
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losses to material and ecological resources, along with negative impacts on finances, social
structure, and communities. In 2016, a vast expanse of rice and aquaculture land, exceeding
215,000 and 68,000 hectares respectively, was profoundly affected by severe drought and
salt intrusion, leading to an estimated economic loss of approximately 7,517 billion VND
across nine provinces and one municipality in the estuary [14]. In 2020, 685,558 people, 130
thousand of whom were children, were exposed to several health risks, including inadequate
drinking water and poor cleanliness [17]. Many men in their working ages have moved to
nearby provinces or HCMC to trade their labor in the low-skilled industries as they were said
to repay debts from the previous drought-related saltwater intrusion [21]. Furthermore, these
adverse outcomes have directly impacted the livelihoods of the residents not only on
economic terms but also in land planning level [22], particularly those involved in farming
and ranching practice [23, 24]. Consequently, policymakers and scholars have emphasized
the investigation of climate variability and its effects on the design of sustainable agriculture
strategies [25-29]. While the authorities have implemented numerous adaptation strategies
in response to climate change and variability [9, 30]. Nevertheless, the quality of effort is
relatively limited and fragmented [8, 31-33].

Firstly, to be plausible resilience against climate change means encompassing the
capacity to anticipate, consolidate, and coordinate emergency response [14, 16]. The concept
of sustainable livelihoods was initially introduced as a means of integrating socioeconomic
and ecological factors into a cohesive, policy-relevant framework by Brundtland commission
on environment and development [34]. Then its idea was further elaborated by the 1992
United Nations Conference on Environment and Development, specifically within the
framework of Agenda 21, which underscored the significance of income security as a
coherent goal for poverty improvement [35]. While several research literatures indicate that
flexibility approaches highlight the importance of learning capacity in both individuals and
organizations [36-38], education and literacy as well as with information exchange are
crucial for community resilience to disasters [39, 40]. Previous case studies in Vietnam
determines that identifying dependent factors is the first step in developing adaption
strategies to reduce environmental risks [20, 41-43]. It suggests that sustainable living can
act as an “integrating part” to address development challenges, resource managing, and
poverty relief simultaneously [42, 44]. This research aims to dissect information collected
from affected farmers in Sl-infested areas to re-evaluate their position in response to
environmental challenges.

2. Methodology

This study seeks to provide a better insight on the topic by integrating the systematic,
data-oriented approach of quantitative research with the detailed, interpretative analysis typ-
ical of qualitative research. Thus, allowing a more distinct examination, using the advantages
of addressing the study problems from different points of view.

2.1. Overview of studied area

The case study was performed in Hung My Commune in Tra Vinh Province, one of the
most adversely affected spots of salt intrusion in the Mekong outlet [45, 46]. In a typical dry
season, the maximum saltwater incursion ranges from 1,5 million to 2 million hectares [10].
In 2020, approximately 5,177 hectares of rice, cultivated by 6,710 homes, representing 78%
of all rice-growing families, were threatened by seawater intrusion [47].

Findings from the “Mekong Futures” envision indicate that households categorized as
middle well-off, possessing a farm size of 0.4-0.7 hectares, generated an average monthly
revenue of two million VND per laborer [2]. This income level is just above the poverty line
issued by Vietnamese government for 2021-2025 period [48], which mean average family in
VMD still vulnerable against prospect of climate disaster in term of financial asset. Although
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a significant number of individuals in Vietnam have ascended from poverty, many ‘“near
poor” homes remain in a vulnerable state and could readily regress into poverty owing to
adverse shocks [49].
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Figure 1. Geographical location of Hung My commune, Chau Thanh District, Tra Vinh Province in
the VMD, Vietnam.

Located at the mouth of the Mekong waterways, the terrain of Tra Vinh (Figure 1) is
distinguished by its lower, moister terrain. The land is notably irrigated by both natural and
man-made canals, with a typical height ranging from 0.6 to 1.0 meters, encompassing two-
thirds of the total area [23]. Furthermore, this region is susceptible to sea level rise, as the
medium-range emission scenario predicts that by 2030, the sea level could increase by 13
centimeters [13]. Positioned adjoining to the Co Chien River in the Chau Thanh District,
Hung My commune encompasses a total extent of 2,829 hectares (28.29 square kilometers),
of which 59 percent is agricultural/forest territory.

2.2. ldentifying relevant agents

On a local scale, vulnerability assessment is essential for understanding the effects of
climate change on individual economy [5], which is beneficial for conducting research on Sl
damage assessment. Nevertheless, in their findings [37—39] suggested and emphasized that
adaptable livelihood approaches may be rendered unsuccessful if they are not accurately as-
sessed and identified in relation to the susceptibility of livelihoods to shifting climates. In-
vestigations from [50, 51] outline that, for people and families, “key capacities” may be seen
as assets and representing a pool of resources that individuals and social groups can use to
enhance their well-being. Furthermore, the study [50] has recapped those instrument capa-
bilities in accordance with the terms utilized in resilience thinking by his predecessors in this
regard (Table 1).

Table 1. The concept of Resilience quality of capital capacities [50].

Quality Descriptions

Responsive-  Capability to organize, recognize, foresee, strategize, and ready for an emergency or unex-
ness pected occurrence

Resource Ability to deploy funds and facilities for action. This encompasses the capacity to access
mobility monetary and other commodities through collaboration

Learning ca- Capacity to assimilate prior knowledge, circumvent recurrent mistakes, and improvise to
pacity enhance productivity
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To assess the vulnerabilities of HH using this theoretical framework, the research needs
to determine the main assets of the affected and measuring their capacity against risk is the
basis to gauge the risk endurance of said homes. Hence, two sets of parameters have been
needed. Firstly, reviewing previous studies of [42-44, 51-52], the common approach fre-
quently evaluates the five primary elements of farmer resource: natural, social, financial,
physical, and human. The addition of the components of employment strategy, as well as
natural catastrophes endurance, was further analyzed and divided into subsections of each
criterion due to their influence on the resilience and economic vulnerability of farming resi-
dences (Table 2).

Table 2. Dividing five main capitals to subcomponents and categorize by resilience quality.

Capital Indicators Resilience quality
Human  H1: General education Responsiveness
H2: Health Responsiveness
H3: Knowledge Sl-resilient livelihood Responsiveness
H4: Knowledge of actions to protect livelihood before Sl event Responsiveness
H5: Learning from experience Learning capacity
H6: Innovation for Sl-resilient livelihood Learning capacity
Social S1: Knowledge sharing for Sl-resilient livelihood Resource mobility
S2: Support to recover/overcome after the event of Si Resource mobility
S3: Training by local government Learning capacity
S4: Sl defense measure regulations Responsiveness
Physical ~ P1: Early warning system Responsiveness
P2: Livelihood preparation before Sl events Responsiveness
P3: Community-level protection infrastructure Responsiveness
Natural ~ NZ1: Condition of natural system for Sl Responsiveness
Financial ~ F1: Financial support for Sl-resilient livelihood Resource mobility
F2: Access to finance sources for Sl-resilient livelihood Resource mobility
F3: Family savings Resource mobility

It is essential to identify factors that hinder or facilitate future change and to compare the
results with those from conducted survey [58]. The principal benefit of this technique is that
the collected knowledge would be essential for preparing precisely targeted adaptation strat-
egies [42].

The second criterion for evaluating the vulnerability of HH is how much damage caused
by Sl they can sustain. The loss limit is divided to three level:

Total loss: farmhands were forced to sell their land and changed occupations which were
interpreted as complete destruction of livelihood.

Heavy: affected who lost more than fifty percent of their investment in agriculture and
pushed them to seek external help.

Minimal damage: homes were marginally affected by SI and/or self-sustained thanks to
their own capitals.

2.3. Data collection

a) Define a farming household

The “farmer family” assessment entails measuring the total well-being and productivity
of those reliant on agricultural activities for their living. This procedure includes not only the
members of the agricultural dwelling who own and operate the farm but also those who are
hired as a labor force to assist with various tasks. The assessment may involve examining
factors such as access to resources, land ownership, income levels, food security, and overall
living conditions. By understanding the dynamics of the agriculture residence and the roles
of each member, interventions can be developed to encourage flexible agricultural practices
and improve the living standard of those involved in the agricultural sector. The individuals
selected to represent those residing within the irrigated region have been categorized into



J. Hydro-Meteorol. 2024, 21, 33-46; doi:10.36335/VNJHM.2024(21).33-46 37

three distinct groups: HA, HB, and HC (HH of zone A, zone B and zone C respectively-
figure 1).

b) Define different studied neighborhoods by focusing on water stress

HA is “water stress” level less - because has multiple water supplies (from inner irriga-
tion, public water supply).

HB is “water stress” level medium - has only inner irrigation.

HC is “water stress” level high - no water supply.

HA is composed entirely of landowners with agricultural property situated within the
protection canal. On the contrary, the HB group includes farmers whose properties are situ-
ated beyond the Sl barrier, while the HC group comprises families residing on Con Co island.
The placement of each HH was determined to be within a radius of 5 kilometers from the
primary irrigation system.

c¢) The sample size calculation

This approach involves determining a more precise sample size by analyzing the dispar-
ity between the population and the sample. Due to the challenges of surveying the entire
population within time constraints, a sample was selected from the population, and a com-
prehensive survey was subsequently performed. With the purpose of determine the sample
size, the following Yamane formula was applied [53]:

N

n=——-——> 1)
1+Nxe

where n is the experiment amount; N is the number of HHSs in the studied area; and e is

10% of N. The sample size necessitated the establishment of a 10% significance level, as the

number of individuals meeting the criteria was limited, hence necessitating a higher sample

size. In 2019, Hung My Commune had an inhabitant of 10,068 which equivalent to 2,405

homes. While based in dominance rice culture of VMD, agricultural sector had only 43.85

percent of its economy (which consist of 1,057 farming families) [54]. Therefore, the optimal

number of sample size for carrying out survey was decided as around 200 households using
formula (1).

2.4. Sampling collection

This survey covers the social aspects of the vulnerability of rural communities in the
Hung My commune of Tra Vinh province within the project to understand how these vulner-
ability characteristics affect the extent of damages and impacts experienced by selected
houses during salinity intrusion periods, which hit the province. The specific objectives of
the work within this survey are:

To assess the demographic characteristics and vulnerability (five-capital analysis) of tar-
gets.

To understand the relationship between social vulnerability characteristics of a
“farmer family” and how said member built their ability and protected their living environ-
ment during the saltwater intrusion (measures, methods, techniques, etc.).

To understand how the above aspects affected the level of impact experienced.

The study employed a quota of 208 HHs as its targets of the assessment, owing to time
and financial constraints. In accordance with the research design framework, a series of
multi-level interviews with key informants were undertaken to choose the study site within
the province. The Five Capital framework (human, physical, social, natural, financial) must
be applied for the assessment of the social vulnerability of the targets. In addition, pertinent
documents including maps, and the annual report were considered.

A total of 10 individuals, consisting of field personnel from Can Tho University and
local partners, were trained extensively before conducting interviews as part of a question-
naire pretest. The surveys were done across two distinct time frames, spanning from Septem-
ber to October and then again in December 2023. Four staff members were sent to each of
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the major zones, while the HC received one pair of surveyors. The participants in the study
were the head of households or their spouses, whose major source of income was primarily
derived from activities related to crop cultivation, ranching, or aquaculture. A systematically
structured questionnaire was utilized to gather data on socio-demographic characteristics,
employment, community connections, wellness, access to food and water, emergencies, and
environmental disparities. The poll item was drafted based on the subsections or measures
illustrated in Table 2. This process also utilized the assistance of local leaders in choosing
appropriate and suitable indicators that accurately represent the socioeconomic characteris-
tics of the community being examined.

2.5. Benchmarking

Each household survey was thereafter entered into a digital database and assessed ac-
cording to the established parameters (Table 3). Subsequently, each indicator is arranged ac-
cording to its mean values, and then it is shown in diagrams for a more comprehensive ex-
planation. Using this technique, an examination of principal patterns about each attribution
may either hinder or aid response to saline shocks. The band score from 1 to 5 indicates
capital capacity intensity to identify from the insufficient and affluence. These indicators are
then classified into 5 divisions in which 1 shows strong weakness while 5 indicates strong
ability. The score 3 belongs to the neutral answers and normal tones from the interviewees.
Score 2 gives the weak potential and 4 is for strong reactions and perspectives. These seg-
ments of capital capacity could cover all the feedback from the interviewees focusing on the
concerned issues.

Table 3. Capital capacity score ranges from scarcity to abundancy (self-assessed value).

0-2 2-4 4-5
Farmer HH’s capital (I-V) Asset depleted Transitional Great capacity

3. Results

3.1. Tendency of main major assets between study zones

All data retrieved from their questionnaire was evaluated by the authors and transformed
into a capacity score based on the scale in Table 3, subsequently shown in Figure 2. This
graph presents the variations of five major assets of surveyed households in three chosen sites
with each household is represented by a specific color.

0

I :Human
I : Social

IIT : Physical
IV : Natural

V :Financial 1y m v m v m
HA zone HB zone HC zone

Figure 2. The discrepancies in asset evaluating of farming family between 3 HH groups.

Firstly, these charts illustrate the considerable discrepancy among existing assets. Many
of the farmers in question are constrained by Social and Physical resources, since only a small
number of families have attained the median value in both domains. The amplest capital
could be seen as Human asset which shows a wider distributing tendency than others.



J. Hydro-Meteorol. 2024, 21, 33-46; doi:10.36335/VNJHM.2024(21).33-46 39

The distribution of HA capitals is highly limited and concentrated, indicating that the
scores are generally lower across most metrics. The Human and Financial parts are undoubt-
edly the most significant, and they are much greater than the other aspects. Unlike HA, the
HB zone diagram displays a broader configuration, indicating that scores are enhanced across
all indicators. Nonetheless, while the Natural and Financial indicators may be more pro-
nounced, the chart continues to show a similar trend to the previous one. The most extensive
shape among the three radar charts is that of HC, signifying the highest output or scores in
most data points. The financial, human, and physical qualities in this section are significantly
advanced, exhibiting consistently high scores throughout the chart. In general, Figure 2 indi-
cates that “Human” is the predominant capital possessed by Hung My inhabitants, which
could be advantageous in mitigating the setbacks of SI.

3.2. Representation of SI damage in different studied neighborhoods

In HA (Figure 3), the scores primarily persist within the “Heavy damage” spectrum, with
a small number of them extending to the “No damage” area. The scores of many assessments
begin in the “Heavy damage” section and progressively increase as they approach the “No
damage” sector. Like HA, HB (Figure 4) also demonstrates a consistent trend throughout the
assessments. In contrast to HA, the scores are slightly lower overall, with a greater number
of individuals falling within the “Heavy damage” and a smaller number reaching the “No
damage” zone. The aggregate score levels indicate that HB presents less favorable conditions
than HA, despite the consistent trend. However, HC (Figure 5) exhibits a markedly distinct
pattern, with certain landowners having a “Capitals score” that is even lower than the “Total
loss” range. Nevertheless, the variety of capitals in HC is increased by the fact there are two
families in the No-damage zone. In summary, the most favorable trend is demonstrated by
HC, as a greater number of assessments reach the “No damage” range. While HA has shown
improvement, the majority of interviewees’ score remains in the “Heavy damage” region,
suggesting that this group continues to encounter some obstacles. The most significant chal-
lenges confront Zone B, as most scores remain in the “Total loss” and lower “Heavy damage”
tiers, indicating severe conditions that impede improvement.

5

u Total loss m Heavy damage © No damage ® Household's Capitals score

o B N W b

Figure 3. Loss range of studied farmer group in HA.

O, N WM~ OG

u Total loss Heavy damage

Figure 4. Loss range of studied farmer group in HB.

OFR, NWRMOOC

= Total loss Heavy damage No damage ® Household's Capitals score

Figure 5. Loss range of studied farmer group in HC.
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3.3. Notable revelations from survey

SI had a substantial negative influence on agricultural output, resulting in reduced
planted crop areas, damage to rice volume and other products, livestock disease, a drop in
agricultural inputs such as nutrients, and contamination of aquaculture cultivation land.

100% 80%

67%

42% 43% 48%
0 9% 0,
20% 2506°3% % 22% 33% 250628%

%109
10%10% 0%

s0%  %36%

0%
Mixed crop Coconut farming Rice farming Animal husbandry Aquaculture Hybrid

low = medium mheavy

Figure 6. Finance loss by Sl of studied Households by means of agricultural activity as main income source.

Collected data reveal significant disparities between different groups of landowners (Fig-
ure 6). Damage estimation showed Coconut farming suffered the highest rate of damage with
42 percent in heavy loss range. In contrast, the aquaculture group was less affected by Sl as
67 percent of the families sustained no damage. Moreover, financial losses in animal hus-
bandry are overwhelmingly low with very few farmers facing medium (10%) or heavy (10%)
losses respectively. Mixed cropping and other hybrid agricultural practices also showed re-
silience in the face of saline water challenges. The data suggests that specific farming activ-
ities, such as animal husbandry, demonstrate greater resilience and reduce financial losses.
Conversely, other agrarian forms, such as vegetation planting like rice or coconut, have a
more diverse effect on interviewee’s finance.

33% Work one job or
more
Don't have any
secondary job

67%

Figure 7. Demographic of households regarding to secondary job.

Many HH strive to secure employment in two separate works to bolster their income to
make ends meet. Most families (67%) have at least one second occupation, according to Fig-
ure 7. This pattern might reflect economic pressures, suggesting that people generally need
additional sources of income. The minority (33%) of people without a second job may be
made up of HHs with alternative lifestyle choices or ones with a sufficient primary income.

Microbusiness |1 1%
Handicaft p 1%
Transportation B 1%
Skilled labor P 1%
Manual labor [ 2%
Hybrid agriculture ——— 19%
Aguaculture | 1%
Mixed crop | 1 21%
Coconut farming —— 6%
Animal husbandry [ 5%

Rice farming 1 40%

0% 25% 50% 75% 100%

Figure 8. Main earning sources of household from surveyed categorizing by means of occupation.



J. Hydro-Meteorol. 2024, 21, 33-46; doi:10.36335/VNJHM.2024(21).33-46 41

Office worker B 1%
Physical labor 1 21%
Handicraft ——1 14%
Construction — 5%
Transportation @ 1%
Microbusiness —————1 15%
Ranching 1 39%
Crop production 1 4%

0% 25% 50% 75% 100%

Figure 9. Secondary earning sources of household from surveyed categorizing by means of occupation.

Growing rice is the most common source of income for farmers, accounting for 41% of
their earnings, indicating the prominence of rice growing in the surveyed region. The second
most common main income source is mixed crop farming (21%) where these families engage
in cultivating multiple crops, reflecting diversified agricultural practices. A modest propor-
tion of farmhands rely on manual labor, skilled labor, micro-business, or handicrafts as their
primary source of income, with each category accounting for just one percent. The minimal
contributions as principal sources of income by concerned groups suggest limited opportuni-
ties or engagement in these fields.

At 39%, ranching is the most common secondary source of income, which is like the
importance of wet rice as a primary source of income. This could indicate a trend where
growers are diversifying by raising both cattle and crops. Physical work is a significant sec-
ondary source of income, accounting for 21% of total income, most likely because of seasonal
or part-time employment. With 15% of the market, the microbusiness sector is notable for
showcasing household-based entrepreneurship as a secondary source of income. Crafts are a
common secondary occupation, accounting for 14% of all employment, maybe because they
are flexible and enable workers to work from home. Construction and food production which
consist of five and four percent respectively, like other small-scale jobs like office work and
transportation, contribute relatively little to community economy.

(a) (b)

12%
37%

Receiving m Stable

Not stable

93%
No receiving

Figure 10. Percentage of farmer has received monetary support compared to percentage of their
financial situation: (a) Distribution rate of government financial subsidy; (b) Stable income situation.

Figure 10 illustrates a stark discrepancy in the approach to combat poverty, as it reveals
discrepancies between the data on the number of studied individuals experiencing financial
difficulties and the allocation of government relief funds. Although two-thirds of the overall
interviewees endure acute economic strain, just 12 percent of S| affecters receive monetary
aid. If this tendency continues, most families that have not received any types of welfare
would face significant challenges when a crisis happens.
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4. Discussion

The study verifies the notion that higher levels of livelihood assets (indicators and capi-
tals) correlated with higher levels of adaptive capacity. Farmers with more capital capacity
appear to be financially well situated and perform better during a crisis. While there have
been other attempts to relate living and adaptability [42, 55-58], the finding helps provide
additional insight on the matter and this approach that could be further experimented. The
comprehensive interviews unveiled the strategies employed by agrarian cultivators to man-
age not just the escalating climatic variability and change, but also their reactions to other
influencing factors. Reflecting from data reveal that during unfavorable agricultural seasons,
some farmhands even sold their fields, got into desperate loans with excessive interest rates,
and resorted to leaving to urban area to be better finance. Such extreme cases of loss of live-
lihoods are not a rare incident as families who deem stable finance is low (Figure 10).

4.1. Shortcoming of the research

This evaluation relies on both quantitative and qualitative data which has been carried
out independently. The approach requires direct contact with affected inhabitants in consid-
erable time with dedicated investigators for specific zones to help obtain valuable insights.
Such information usually neglects or loses if only relying on government data due to lengthy
collecting methods and finances constraints. The subjective nature of surveys is tackled by
extensive review and constants organizing. Then, only data deemed to be worthy can be uti-
lized in the assessment process.

However, while time consuming is the main adversary of such tactics, on-field problems
also occur regularly. For instance, the absence of farmers who lost all means of income and
were forced to relocate makes it difficult to collect their voices and consider the severe of
whole situation. Furthermore, most of the interviews took place at farmers' residences, with
fewer conducted in the fields. This could have potentially bias on the results obtained also
raised concerns from other researchers [22, 40]. A restrained budget also has made it difficult
to evaluate the project's impact in terms of limits of the studied sample size. Moreover, as the
subject matter and context are intricate, encompassing a vast array of physical, social, eco-
nomic, and practical variables which necessitate a foundation of knowledge could lead to
inadequate answers from interviewees.

4.2. Suggestions

Multiple factors were discovered that impeded affected family’s ability to adjust to en-
vironmental challenges. These steps should be enforced to empower examined individuals in
efficiently managing and adapting to the effects of ecological change. Improving the value
of natural resources is considered essential for agricultural practices across all aspects of cul-
tivation. Landowners with less financial resources, who possess fewer livelihood assets, are
more susceptible to the consequences of weather crisis. Although national-sponsored devel-
opment projects, such as the “Hunger eradicate and poverty relief” initiative, have been cru-
cial and advantageous, they are not enough on their own to enable small holdings to effec-
tively adapt to climate-related changes. Cooperative crop growing promotes social learning
and collective assistance, which improves small-scale the ability of landowners to maintain
their livelihoods significantly.

Evaluating the feasibility of alternatives involves identifying crops and livestock that
exhibit more resilience to the specific climatic circumstances of the location, such as crops
that can withstand drought or cattle that can survive in varying temperatures. Promote the
amalgamation of crops and livestock to establish a rural system that is more varied and robust.
Intercropping and integrated livestock-crop systems can enhance land use efficiency and mit-
igate dangers linked to monoculture farming. Capacity building and information transfer can
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be achieved through a training program for farmers, which aims to educate them on the ad-
vantages and methods of crop diversification and animal production. Moreover, ensure con-
venient availability of essential resources, including seeds, livestock, and technology, along
with credit and financial services, to assist in the process of transitioning. Possible measures
could encompass subsidies, grants, or tax incentives to encourage the adoption of alternate
crops and livestock. Ultimately, it is crucial to involve local communities, agricultural-orien-
tation organizations, and other stakeholders in the decision-making process to guarantee that
the transition is in line with their requirements and preferences. By considering these factors,
a complete plan may be developed to transition from rice cultivation to more flexible agri-
cultural methods, ultimately strengthening the ability of cultivation communities to withstand
the impacts of climate crisis.

5. Conclusions

In conclusion, this research’s examination of the destruction that Sl inflicts on impacted
studied Hung My commune, where the saline rampages, presents significant risks to conven-
tional agricultural activities. The results demonstrate notable discrepancies in household re-
silience among various zones, with the most susceptible who are experiencing substantial
losses and confronting severe financial instability. Although government interventions and
local adaptive strategies have offered some relief, their effectiveness is limited when done
separately. The review approach employs independent, field-based data collecting to provide
insights often overlooked by official sources; yet it encounters problems like time limitations,
absent perspectives from displaced families, and budgetary limits. Interviews mostly held at
target’s home may have impacted the outcomes, and the intricate nature of the topic compli-
cates the acquisition of thorough responses. The research highlights the need for adaptable
agricultural strategies in Sl-infested areas to strengthen farmers' resilience. It advocates for
diverse farming methods to provide additional income sources, reducing dependence on a
single livelihood and ensuring that policies address the specific needs of affected communi-
ties. The recognition of SI harm to domestic livelihoods provides the foundation for further
research aimed at improving the stability and resilience of agricultural communities against
escalating climate change problems.
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Abstract: Thirty soil samples from 4 communes of Lam Ha district were collected in May and
November 2023. The pH, moisture content, organic carbon and mechanical composition were
investigated. Two group of pesticides were analyzed including Organophosphorus (Diazinon,
Chlorpyrifos, Profenofos, Fenitrothion, Ethoprophos, Glyphosate) and Carbamate (Carbaryl,
Mancozeb, Carbosulfan). Maximum concentration of Chlorpyrifos, Profenofos and Carbosul-
fan founded in soil samples were 391, 63 and 41 pg/kg, respectively. The risk quotient (RQ)
of pesticides in coffee growing soils were evaluated for ecological risk assessment. In this study
the order from very low to high risk in ascending order from Phi To, Nam Ha, Dong Thanh
and Me Linh, respectively.

Keywords: Pesticides in soil; Soil pollutions; Organophosphorus; Carbamates; Risk assess-
ment.

1. Introduction

Lam Dong is a province with favorable natural conditions for growing coffee. Currently,
the whole province has a coffee growing area of 172,000 hectares and an output of 515,000
tons. Although it is the second province in the country to accumulate coffee, Lam Dong
coffee has the highest average capacity and product in the country. Lam Dong is developing
5 large coffee cultivation areas in the districts of Di Linh, Lam Ha, Bao Lam, Duc Trong, Da
Lat city and Lac Duong to form large-scale raw material areas for processing and export.

The coffee area of Lam Ha district is currently about 40,000 hectares, the harvest output
is about 135,000 tons and the average harvest yield is 3.45 tons/ha. Lam Ha district has been
converting new varieties of plants, grafting and improving robusta coffee... to help coffee
trees increase productivity. Increasingly intensive farming measures are the main cause
affecting the emergence and development of harmful pests and diseases. In coffee farming,
farmers regularly treat soil before planting coffee and use plant protection chemicals when
pests are detected. Most coffee producing households use chemical plant protection
chemicals to prevent pests on coffee plants with a frequency of use of 1 to 4 times a year [1].

Carbamate insecticides included in this research are Carbaryl, Mancozeb and Carbosul-
fan. The functional group inactivating enzyme acetylcholinesterase causing toxicity to kill
insects. Organophosphate group also affect cholinergic poisoning [2—4].
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Organophosphorus pesticides poison insects by phosphorylation of the acetylcholines-
terase enzyme (AChE) at nerve endings. The result is a loss of available AChE so that the
effector organ becomes overstimulated by the excess acetylcholine [2—6]. From field surveys
and previous research, six Organophosphorus pesticides including Diazinon, Chlorpyrifos,
Profenofos, Fenitrothion, Ethoprophos and Glyphosate were investigated.

Organophosphorus and Carbamate pesticides are widely used in coffee growing areas in
Lam Ha district showed in Table 1 [1]. They are highly toxic, persistent in the environment,
have high bioaccumulation in humans and organisms. Thus, ethoprophos has been banned
from use since March 2018 and Diazinon since March 2018. Pesticides containing Chlorpyr-
ifos must not be produced or imported since October 2019, can only be sold and used until
February 12, 2021; Glyphosate only be sold and used until June 30, 2021 in Vietnam [7].

Table 1. Structure of pesticides.
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Even though there are specific instructions in the agricultural industry, many farmers
still use pesticides incorrectly and at higher doses than allowed, leading to them penetrating
and remaining in coffee soil, causing risks and long-term harmful effects on human health
[7]. Therefore, assessing the level of environmental risks of pesticides residue in coffee grow-
ing soil is very necessary.

The study objectives are: (1) Analysis of physicochemical properties of soil samples; (2)
Analysis of six organophosphorus and three carbamate pesticides concentration; (3) Evaluate
ecological risk of investigated pesticides.

2. Materials and methods

2.1. Study structure

In this research, thirty soil samples were collected and analyzed for physicochemical
properties such as pH, moisture contend, organic carbon and the mechanical composition.
Concentration of six organophosphorus and three carbamate pesticides were investigated to
assess ecological risk. Figure 1 shown the details of study structure.

2.2. Study area
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Samples were taken in May 2023 (rainy season) and November 2023 (dry season), each
time 15 surface soil samples with a depth of 0-15cm were taken in Lam Ha district as shown
in Figure 2: 3 from Phi To, 5 from Nam Ha, 4 from Me Linh and 3 from Dong Thanh com-
munes.
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Figure 1. Research diagram.
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Figure 2. Sampling locations.

2.3. Sampling methods

As a previous research, each coffee garden will take 1 bulk sample with a depth of 0-
15cm and a weight of about 1kg. This soil sample is combined from about 5-10 subsamples
taken at different locations of the garden to ensure uniformity. These subsamples after re-
moved gravel, leaves, roots were mix well and then followed by the quartering method. De-
pending on the shape and area of the garden, choose an appropriate sampling method such as
the diagonal or zigzag method [8].
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2.4. Analysis methods

pH, moisture, organic carbon and mechanical composition of soil samples were
determined by Vietnamese standards TCVN 5979:2021, TCVN 4048:2011, TCVN
8941:2011 and TCVN 8567:2010, respectively [8].

There are several extraction methods (shaking, soxhlet, ultrasonic, pressurized liquid ex-
traction, microwave-assisted extraction, solid-phase microextraction and QUEChERS) [10-
13], cleaning techniques (SPE, GPC and SFC) [14], and analysis (GC, LC) [15-18] of pesti-
cides in soil, this study chose the soxhlet extraction method, cleaning with Florisil and anal-
ysis by GC-MS.

20g soil sample

10g anhydrous Na S0, 10p 1SS 10ppm

¢ 150ml methylenechloride:acetone (1:1)

Shoxhlet extraction 16-24h

|

Decant and concentrate the
extract, changing to n-Hexane,
rotavapor to 10ml

Clean through column packed Activated at 675°C
with 20g florisil Conditioned at 130°C

F1: 30ml n-hexane | F2: 180ml ethy! ether: n-hexane

|

Rotavapor, Blow Nz to Iml

h
Discard D"““W\_ 10ul IS 10ppm

Carbamate: Organophosphorus: ‘

Inject 2ul to GC/MS Inject 2ul to GC/MS

Figure 3. Schematic diagram of pesticides analysis.

Figure 3 describes the diagram of analysis of organophosphorus and carbamate pesticide.
20g of soil samples were extracted with dichloromethane: acetone mixture solvents for 16-
24 hours. These extracts were evaporated and transferred to n-Hexane. After cleaned by Flo-
risil column, the eluates were concentrated to 1ml and analyzed by GC-MS.

Derivatization is required for Carbamates before performing analysis. Pesticide con-
centration of the soil sample is calculated from calibration curve, surrogate standard and in-
ternal standard in pg/kg. Soil samples were analyzed according to EPA methods at the chem-
ical and environmental laboratory. The testing laboratory has many years of experience in
the field of analysis and has been accredited with ISO/IEC 17025 by the Ministry of Science
and Technology and Vimcerts designation by the Ministry of Natural Resources and Envi-
ronment.

2.5. Ecological risk assessment

To assess the ecological risks of pesticides, in this study, the risk quotient (RQ) is used
and calculated according to the following formula:
RQ = C/ PNEC 1)
where C is the concentration of the pollutant in the sample; PNEC is the concentration
value predicted to have no effect on the organism.
PNEC = NOEC/ AF (2)
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where NOEC is the concentration with no effect observed; assessment factor (AF) - fac-
tor take into account potential chronic risks.

Assess the levels of ecological risk based on the values of RQ: RQ < 0.01: very low risk;
0.01 <RQ <0.1: low risk; 0.1 <RQ < 1.0: moderate risk; RQ > 1.0: high risk [8, 19-23].

3. Results and discussion
3.1. Physicochemical properties of soil samples

The pH of 30 soil samples in Lam Ha district in both May and November 2023 was
acidic. In general, pH in May (rainy season) is lower than in November (dry season) with
lowest in Phi To commune, ranging from 3.52-3.85; then go to Nam Ha commune from 3.90-
4.25; Next is Me Linh commune from 4.11-4.36 and the highest is Dong Thanh commune
from 4.36-4.58.

Soil moisture in the May was higher than in the November and was not too different
between sampling points in the same period. Specifically, the humidity at Phi To ranges from
25.3-34.7%; Nam Ha from 23.7-34.5%; Me Linh from 24.5-38.4% and Dong Thanh from
23.4-33.2%.

Rainwater contains NHs which causes the soil to release H* and wash away alkaline
metals, leading to a decrease in pH. pH and humidity will affect the ability to decompose
pesticides in the soil. Organic carbon of 4 communes were ranged of 2.3-3.7%. Phi To ranges
from 2.4-2.9%; Nam Ha from 2.3-3.1%; Me Linh from 2.8-3.3% and Dong Thanh from 3.2-
3.7%.

Table 2. Physicochemical properties of the soil.

Mechanical components (%)

Sample type pH Moisture content OCs Coarse sand  Fine sand Limon Clay
(2-0.2mm) (0.2-0.02mm) (0.02-0.002mm) (< 0.002mm)

Rainy seasons 4.05 32.37 2.92 2.85 13.43 28.39 55.33

Dry seasons 4.18 25.37 2.99 2.88 14.23 28.65 54.25

Soil samples in Phi To and Me Linh are clay-rich with the percentage of clay higher than
60% while in Nam Ha and Dong Thanh are mix-clay. There is no significant difference in
soil mechanical composition between rainy and dry seasons (Table 2). The average
percentages of coarse sand are similar but fine sand, limon and clay are 9.75%, 22.40%,
65.07% in Phi To and Me Linh, and 16.62, 33.67, 46.79% in Nam Ha and Dong Thanh,
respectively.

3.2. Pesticide concentration of soil samples

Concentration of Organophosphorus and Carbamate pesticides in soil samples are
showed at Table 3 and Table 4.

Table 3. Organophosphorus pesticide concentration.

L . Chlorpyrifos (pg/kg) Profenofos (pg/kg)

Sampling time Sample location Min Average Max Min Average Max
Phi To N.D 325 61 N.D N.D N.D

Nam Ha N.D 74.7 158 N.D N.D N.D

May-2023 Me Linh 119 231 391 ND 173 425
Dong Thanh 129 187 261 N.D 21.0 63

Phi To N.D 29.7 575 N.D 9.7 29.0

Nam Ha N.D 66.4 129 N.D N.D N.D

November-2023 Me Linh 785 169 294 ND 70 280
Dong Thanh 107 148 195 N.D 175 52.5

N.D: Not detected
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Table 4. Carbamate pesticide concentration.

Carbosulfan (ug/kg)

Sampling time Sample location

Min Average Max

Phi To N.D N.D N.D

Me Linh N.D 14.0 32.0

Dong Thanh N.D 12.3 37.0

Phi To N.D N.D N.D

November-2023 Nam _Ha N.D 4.4 220
Me Linh N.D 14.8 41.0

Dong Thanh N.D 11.0 33.0

N.D: Not detected

In 30 soil samples, 3 pesticides were detected including Chlorpyrifos and Profenofos of
the Organophosphorus group and Carbosulfan of the Carbamate group. From Table 3, we
found that soil samples in Phi To commune had the lowest Chlorpyrifos concentration with
maximum concentration in May and November 2023 were 61 and 57.5 pg/kg, respectively.
Nam Ha Commune had the maximum concentration were 158 and 129 pg/kg. The Chlorpyr-
ifos concentrations of soil samples in Dong Thanh communes higher with maximum
concentration were 261 and 195 pg/kg and highest in Me Linh with maximum concentration
in May and November 2023 were 391 and 294 pg/kg.

Average Chlorpyrifos concentrations in soil samples gradually increased as 32.5, 74.7,
187, and 231 pg/kg in Phi To, Nam Ha, Dong Thanh, and Me Linh in May and 29.7, 66.4,
149, and 169 pg/kg in November. Pesticide concentrations were detected in the rainy season
are higher than in the dry season, possibly because there are more pests and diseases in the
rainy season, so the amount of pesticides used leads to high residue in the soil.

The highest concentrations of Profenofos were detected in 2 communes Me Linh and
Dong Thanh in May at 42.5 and 63.0 pg/kg and in 3 communes Phi To, Me Linh and Dong
Thanh in November at 29.0, 28.0 and 52.5 pg/kg respectively. The average concentrations in
May were generally higher than in November.

There are 8 soil samples where Carbosulfan was detected in 3 communes: Nam Ha, Me
Linh and Dong Thanh, divided equally between two sampling periods in May and November
2023. The highest concentration in Nam Ha, Me Linh and Dong Thanh in May were 15.0,
24.0 and 37.0 pg/kg and the November were 22.0, 41.0 and 33.0 pg/kg, respectively. There
is no significant difference of average Carbosulfan concentration in the rainy and dry seasons,
suggesting that this may just be the remaining residue in the soil. Chlorpyrifos concentration
is showed and compared in Table 5. It was lower than in Lam Ha, February 2023 [8], Iran
[23] and Malaysia [16] but higher than others.

Table 5. Chlorpyrifos concentration.

Sample Sample Samplin Chlorpyrifos
Locat?ons typg tirFr)le ’ concentratFi)c))/n (ng/kg) Reference
Lam Ha Soil 2023 N.D - 391 This study
Lam Ha Soil 2023 N.D - 954 Lam D.V. [8]
Mekong Delta Land 2019 3.51-291 PhD thesis summary
Nepal Soil 2021 32.5-177 Govinda Bhandari [21]
Iran Soil 2021 240 - 510 Mohsen Hesami Arani [23]
Egypt Sediment 2022 119-241 Eissa [22]
Ghana Soil 2016 10-40 Fosu-Mensah [6]
Malaysia Land 2010 20 - 2240 Norhayati Mohd Tahir [16]

N.D: Not detected
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Table 6 compared Profenofos concentration with previous studies. The results obtained
from this research were higher than in Nepal and Ghana. Table 7 showed the Carbosulfan
concentration alittle bit lower than in Indonesia.

Table 6. Profenofos concentration.

Sample Sample Sampling Profenofos concentration

Locations type time (ug/kg) Reference
Lam Ha Soil 2023 N.D - 63.0 This study
Nepal Soil 2020 1.75 Govinda Bhandari [20]
Ghana Soil 2016 20-40 Fosu-Mensah [6]
N.D: Not detected
Table 7. Carbosulfan concentration.
Sample Sample Sampling Carbosulfan concen-
Locations type time tration (ug/kg) Reference
Lam Ha Soil 2023 N.D -41.0 This study
Indonesia Soil 2021 58.2-307.2 Ardiwinata [24]

N.D: Not detected

In the rainy season, soil pH decreases, moisture increases while organic carbon content
and soil mechanical composition change little. The decomposition ability of pesticides in-
creases with moderate humidity, mildly acidic to neutral pH, and high organic carbon content
[25]. Soil mechanical composition also affects the decomposition ability of pesticides, how-
ever analysis results show that there is no obvious difference between soil samples in the dry
season and the rainy season. Currently, no clear correlation has been found between the phys-
icochemical properties of soil and the concentrations of pesticides. This may be because these
pesticides are partly residual and partly used to kill pests during cultivation.

3.3. Ecological risk assessment

With AF = 10 and NOEC = 65 (ug/kg) for Chlorpyrifos, AF = 50 and NOEC = 50
(ng/kg) for Profenofos [19] and PNEC= 2410 (ug/kg) of Carbosulfan in soil [26], risk index
RQ were calculated in Table 8.

Table 8. Risk assessment.

Sampling  Sample RQ of RQ of RQ of Risk
time location Chlorpyrifos  Profenofos  Carbosulfan assessment
Phi To <0.01-94 <0.01 <0.01 Very low risk - high risk
May-2023 Nam Ha <0.01-24.2 <0.01 <0.01 Very low risk - high risk
Me Linh 18.2-60.0 <0.01-425 0.013 high risk
Dong Thanh 19.8-40.1 <0.01-63 0.015 high risk
Phi To <0.01-8.8 <0.01 <0.01 Very low risk - high risk
November-  Nam Ha <0.01-19.8 <0.01 <0.01 Very low risk - high risk
2023 Me Linh 12.1-45.2 <0.01-28.0 0.017 high risk
Dong Thanh 16.5-30.0 <0.01-525 0.014 high risk

Table 8 summarizes the results of RQ coefficient in 30 soil samples in 4 communes of
Lam Ha district. In general, the ecological risk coefficient is at a very low to high level.
Samples detected Chlorpyrifos all had high risk because it is highly toxic and persistent. This
is a specific pesticide that was widely used before being banned in 2021. Maybe because
people continue to use it, soil samples have RQ coefficients from < 0.01 to 60.0, however it
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is lower than the research in February 2023. Profenofos has RQ from < 0.01 to 63.0 and was
found in 6/30 soil samples. Other Organophosphorus pesticides were not detected with a
detection limit of 1.0 pg/kg and RQ < 0.01. Carbosulfan was found in 8/30 soil samples,
however, due to lower toxicity than Chlorpyrifos and Profenofos, the RQ index was ranged
from < 0.01 to 0.017. Other Carbamate pesticides were not found and had RQ < 0.01. RQ
coefficient is only an initial preliminary assessment of the correlation between residual con-
centrations and toxicity thresholds. In the following studies, more appropriate evaluation
tools will be used to make the most accurate conclusions.

With an ecological risk level < 1.0, no remedial measures are needed. However, with
high levels > 1.0, it is necessary to issue warnings and take action to minimize impacts on
humans and the environment. Some action that can be taken include propagating and instruct-
ing people about the toxicity and usage of some common pesticides, limiting the use of highly
toxic and persistent pesticides, and using Personal protective equipment when spraying and
cleaning after used to reduce contact.

4. Conclusions

The study was conducted 30 samples of coffee growing surface soil in 4 communes of
Lam Ha district: Phi To, Nam Ha, Me Linh, and Dong Thanh. The physicochemical proper-
ties and two groups of pesticides, Organophosphorus and Carbamate, were selected for re-
search. Basically, soil in the rainy season has lower pH and higher moisture than in the dry
season. Organic carbon content and mechanical composition do not change much with the
seasons. Among total 9 Organophosphorus and Carbamate pesticides, 3 were found:
Chlorpyrifos, Profenofos and Carbosulfan of a total 30 soil samples. The highest concentra-
tions of Chlorpyrifos, Profenofos and Carbosulfan were 391, 63 and 41 pg/kg, respectively.
Using the RQ coefficient, the ecological risk level is assessed with risk results from very low
to high and in ascending order from Phi To, Nam Ha, Dong Thanh and Me Linh.
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Abstract: Hydrological droughts have become more severe due to the compounded effects
of climate change and anthropogenic activities. This study aims to assess how climate
change could impact hydrological droughts at the sub-basin scale for the Upper Part of
Dong Nai (UPDN) river basin. The study used the Soil and Water Assessment Tool
(SWAT) to simulate hydrological conditions based on climate change scenarios of
SSP2-4.5 and SSP5-8.5 from the CMIP6 projections for the future period of 2030s
(2021-2040) and 2050s (2041-2060). The streamflow drought index (SDI) was applied to
evaluate the drought severity and frequency. The findings indicate a clear increasing trend
in minimum (Tmin) and maximum temperatures (Tmax) relative to yearly rainfall. Under
the SSP2-4.5 scenario, yearly rainfall shows a slight increase. However, under the SSP5-8.5
scenario, annual rainfall has a slight increase in the West-Southwest and a decrease in the
East-Southeast regions. Rainfall trends show a decrease in the dry season and an increase in
the rainy season. The frequency and severity of hydrological droughts can vary between
sub-basins. Da Tam, Don Duong, Da Quyn, Da Dang, Dak Nong, Dong Nai 2, and Dak
R‘Keh are the sub-basins that have more extreme drought conditions compared to the rest of
the basins. These results emphasize the need for targeted drought management strategies in
the UPDN river basin to build resilience against future climate impacts.

Keywords: Climate change; Mapping hydrological drought; SWAT model; CMIP6; The
upper part of Dong Nai river basin; Drought management.

1. Introduction

Hydrological droughts, characterized by reduced water availability in rivers, lakes, and
reservoirs, pose significant challenges to water resource management. These droughts are not
merely the result of short-term weather anomalies but are often linked to broader climatic
patterns and long-term changes in rainfall and temperature [1, 2]. Climate change scenarios
suggest that many regions, including Southeast Asia, are likely to experience more severe
drought conditions due to shifts in precipitation patterns and rising temperatures [3]. In
addition, drought patterns are also driven by seasonal fluctuations in precipitation,
temperature, and other hydro-meteorological conditions [4]. Along with climate change,
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human-driven activities such as the construction and operation of reservoirs have
significantly altered flow patterns [5]. These modifications in flow impact drought conditions
by changing the timing and distribution of water availability, thereby exacerbating drought
severity and frequency [6, 7].

According to the IPCC, climate change has caused varying increases and decreases in
rainfall at high and low latitudes of the Earth [8], and these shifts in precipitation have altered
drought conditions. Global climate change scenarios for the future are often based on
estimates from General Circulation Models (GCMs). GCMs have relatively coarse
resolutions, most of which are around 100km or more [9]. Therefore, it is necessary to
suitable downscaling techniques to be able to forecast climate change at the local or regional
scale. Up to now, IPCC has six times of accessing and updating climate change scenarios and
the most recent was the sixth assessment report (AR6) [10]. Therein, the Coupled Model
Intercomparison Project Phase 6 (CMIP6) climate model benchmarking project was used to
support the IPCC’s ARG [11]. Compared to the fifth assessment report (AR5) known as
Representative Concentration Pathways (RCPs), the AR6 was built based on the Shared
Socio-economic Pathways (SSP) approach with 5 main scenarios including SSP1, SSP2,
SSP3, SSP4, and SSP5 with respectively name: (i) “Green growth”, (ii)
“Middle-of-the-road”, (iii) “Regional rivalry”, (iv) “Inequality” or “A road divided”, and (v)
“Fossil fuel-based development” [12]. These scenarios are crucial for understanding how
different climate futures might influence regional hydrological patterns. In the context of the
UPDN river basin, applying CMIP6 scenarios allows for a more precise prediction of
hydrological drought risks, offering insights into the spatial and temporal variability of
drought across sub-basins.

The upper part of Dong Nai (UPDN) river basin plays a crucial role in the ecological and
socio-economic sustainability for the whole Dong Nai river basin. It supports diverse
ecosystems, including protected forests and biodiversity hotspots like Cat Tien National
Park. The river’s natural flow sustains wetlands, fisheries, and agriculture, and maintains the
region’s ecological balance. Additionally, the UPDN river basin is essential for water supply,
energy production, and agriculture. It provides water to millions of people, especially in
downstream areas such as Ho Chi Minh City. The basin also hosts major hydropower plants,
such as the Dong Nai hydropower system (2, 3, 4, 5), which supplies a significant portion of
the region’s energy needs. However, rapid urbanization, deforestation, and agricultural
activities have placed increasing pressure on water resources and ecosystems. These
challenges, combined with climate change, have made the basin more vulnerable to extreme
events such as droughts and floods, threatening both its ecological integrity and
socio-economic sustainability. Previous studies have primarily focused on basin-wide
assessments [13-16], often overlooking the drought impacts for sub-basin. Mapping
hydrological drought at the sub-basin scale is crucial for identifying areas most at risk and
implementing effective mitigation strategies. Therefore, understanding the impacts of
climate change on droughts, especially hydrological droughts following the spatial and
temporal aspects at the sub-basin scale, in the UPDN river basin is essential for effective
adaptation and mitigation strategies.

This study aims to map hydrological drought across the sub-basins of the UPDN river
basin under the CMIP6 climate scenarios SSP2-4.5 and SSP5-8. The comprehensive analysis
has been employed by integrating GIS, remote sensing (RS), and the Soil and Water
Assessment Tool (SWAT) model, which has been widely used for climate change impacts on
hydrology and droughts [4, 13, 14, 17, 18]. In addition, the frequency and intensity of
drought events has also analyzed following temporal and spatial distribution in the sub-basin
scale. The findings could offer valuable insights for regional water resource management,
particularly in planning for drought resilience and adaptation under the conditions of ongoing
climate change.
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2. Materials and Methods

2.1. Study area

The Dong Nai river basin, the longest inland river in southeastern Vietnam, extends over
586 km and encompasses a catchment area of approximately 36,530 kmz, spanning across ten
provinces and Ho Chi Minh City. This region is a significant economic hub, accounting for
approximately 48% of Vietnam's gross domestic product in 2022 [19]. The basin has over
200 irrigations and hydropower reservoirs, regulating nearly 6 billion cubic meters of water.
It also has a hydropower capacity of around 3,000 MW. The forest cover rate of the whole
basin is about 28%, but it is mainly located upstream in the provinces of the Central
Highlands. Hence, this study focuses on the UPDN basin, which spans an area of 11,036 kmz2,
with 70% situated in Lam Dong province compared to 30% of the rests of Dak Nong, Binh
Phuoc, Dong Nai, and Binh Thuan provinces [20]. The characteristics of the UPDN river
basin and its 18 sub-basins are detailed in Table 1 and Figure 1.

Table 1. Properties of the UPDN river basin’s sub-basins.

Main  Sub-basin mean Land use (the largest CHP RES evoL Area

No. ID Sub-basin IYRES

reservoir _ elevation (m) area % first) (MW)  (10*m*)  (km?)
1 DN1 DaNhim Da Nhim 1500 Forest, perennial agri. 1965 240 16500 729
2 DN2 DaTam TuyenLam 1321 Forest, annual agri. 1987 - 2785 227
3 DN3 Don Duong - 1141 Forest, annual agri. - - - 372
4 DN4 DaQuyn DaiNinh 978 Forest, annual agri. 2008 300 31977 562
5 DN5 Suoi Vang  Dankia 1550 Forest, perennial agri. 1998 4.6 90 314
6 DN6 DaDang DaDang 987 Foreszr'g‘ssus”'a' 2016 34 760 1283
7 DN7 Dong Nai 2 Dong Nai 2 907 Perennial crops, forest 2013 70 28100 332
8 DNB8 Dong Nai 3 Dong Nai 3 847 Forest, perennial agri. 2011 180 169010 495
9 DN9 Dong Nai 4 Dong Nai 4 714 Forest, perennial agri. 2012 340 33210 159
10DN10 Dak Nong Dak R’tih 757 Perennial crops, forest 2011 144 13710 1120
11 DN11Dong Nai 5 Dong Nai 5 637 Forest, perennial agri. 2014 150 10633 592
12 DN12 Dak R‘Keh  Dak Sin 567 Perennial crops, forest 2015 28 1609 321
13 DN13 Dong Nai 6 - 372 Forest, perennial agri. - - - 483
14DN14 CatTien - 285 Forest, perennial agri. - - - 773
15DN15 DaTeh Da Teh 414 Forest, perennial agri. 1990 - 2400 630
16 DN16 DaHuoai Dam B’ri 592 Forest, perennial agri. 2013 75 5630 909
17DN17 TalLai - Perennial crops, rice - - - 431
18 LN1 LaNga Dai Nga 140 Perennial crops, forest 2015 10 46 1304
All of the UPDN 11036

*CHP is the capacity of hydropower plants (MW); YRES is the year the reservoir became operational;
RES evoL is the quantity of water needed to raise the reservoir to the emergency spillway (10* m#); agri. is
agriculture).

The UPDN river basin is subdivided into 18 sub-basins across two tributaries including
the main tributary of the UPDN river basin and the sub-tributary La Nga river basin [21]. The
main tributary has 17 sub-basins (from DN1 to DN17) terminating at the Tri An reservoir.
The sub-tributary has just one sub-basin (LN1) ending at the Dami hydropower reservoir.
The basin's terrain ranges from the Lang Biang plateau (1,300-2,000 above sea level) in the
North, through the Di Linh plateau (700-1,000 m) in the center, to a transitional zone with
elevations of 200-500 m in the South-Southwest. The region experiences a tropical monsoon
climate varying with terrain elevation with a rainy season from May to November and a dry
season from December to April of the following year. The average annual rainfall was nearly
2500 mm. The average annual temperature was approximately 22°C. Total rainfall accounts
for approximately 87% in the rainy season compared to 13% in the dry season. The total flow
in the basin is about 18.5 billion cubic meters, and the rainy season accounts for
approximately 85% compared to only 15% in the dry season [22]. These distinct seasonal
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rainfall patterns play a critical role in the occurrence of hydrological droughts. During the dry
season, reduced precipitation and high evaporation rates can significantly lower river flows
and water levels in reservoirs, intensifying drought conditions. Conversely, during the rainy
season, heavy rainfall can lead to uneven water distribution, leaving some areas more prone
to flooding.
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Figure 1. Location of the study area and its sub-basins based on DEM.

2.2. Methodology
The methodological framework for this study is illustrated in Figure 2.
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Figure 2. Flowchart of the methodology used for mapping hydrological drought.
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2.2.1. Data collection and input preparation

a) Hydro-meteorology data collection

Daily rainfall and temperature data (Tmax, Tmin) in the past for the 30-year period
(1990-2020) serving as input for the SWAT model as well as for comparison and evaluation
purposes have been collected at 5 stations, including Da Lat (1509 m), Lien Khuong (1100
m), Bao Loc (800 m), Dak Nong (600 m), and Cat Tien (300 m) with corresponding altitudes
in the areas of about 1,500 m, 1,100 m, 800 m, 600 m and 250 m, as shown in Table 2. These
data have been gathered from local management agencies (Department of Natural Resources
and Environment of Lam Dong Province, Highland Regional Hydro-meteorological Center).
The distribution of these 5 monitoring stations is evenly dispersed across the basin with
different elevations, so they can cover the climatic conditions of the study region.
Information on the monitoring stations is shown in Table 1 and Figure 1.

Table 2. Descriptions of meteorological monitoring stations in the basin.

No Name of the.monltorlng Station altitude Height of zone Longitude L atitude
station (m) (m)

1 Da Lat station 1509 1500 108.45 11.95

2 Lien Khuong Station 939 1100 108.37 11.73

3 Bao Loc Station 840 800 107.82 11.54

4 Dak Nong Station 631 600 107.68 12.00

5 CatTien 250 300 107.36 11.59

b) Climate change scenarios in the future

Selecting appropriate General Circulation Models (GCMs) is crucial for enhancing
downscaled result accuracy and optimizing computational resources. Five GCMs available
in the CMIP6_ VN dataset, namely EC-Earth3-Veg, EC-Earth3, CanESM5,
HadGEM3-GC31-LL, and CNRM-CM6-1-HR, were chosen based on their suitability and
effectiveness for the region [23, 24]. These models were downscaled using the Bias
Corrected Spatial Disaggregation (BCSD) method, resulting in a spatial resolution of 10x10
km (~ 0.1°x0.1°) and daily temporal resolution [25, 26]. These climate data are available at:
http://remosat.usth.edu.vn/~thanhnd/Download/dat. GEMMES_WP1.

As mentioned above, the Shared Socioeconomic Pathways (SSP) approach in CMIP6 is
more up-to-date than the previous CMIP5’s Representative Concentration Pathways (RCPs),
offering better accuracy in rainfall and temperature projections [8, 11, 18, 25, 27]. The
SSP2-4.5 and SSP5-8.5 scenarios from CMIP6 represent “moderate” and “extreme”
emissions, respectively, and are recommended by the IPCC to quantify varying levels of
greenhouse gas emissions and associated socioeconomic factors [18]. Therefore, the study
utilizes climate change scenarios of SSP2-4.5 and SSP5-8.5 to project future hydrological
drought conditions for this study. Climate projections are analyzed in the future period of
2021-2060 for minimum temperature, maximum temperature and precipitation. Hydrologic
droughts are more deeply assessed periods of the 2030s (2021-2040) and the 2050s
(2041-2060). To facilitate localized analysis at specific monitoring stations and to input
prepare for SWAT model, datasets in “netCDF.NC” were converted to point data
(“Excel.xlIs”) by using ArcGIS’s “Multidimension Toolbox”.

c) Operation of reservoirs

Reservoirs play an important role in the region's water management, as depicted in
Figure 1 and detailed in Table 1. To evaluate the impact of reservoir operations on drought
conditions, key reservoir characteristics such as hydropower capacity, operational start year,
storage volume etc. were collected from the local Departments of Industry and Trade (DIT)
and Agriculture and Rural Development (DARP). Current and future operations are
established according to the inter-reservoir operation procedures for the Dong Nai river
basin, as stipulated in Decision No. 1895/QD-TTG [28]. Furthermore, the maintenance of
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minimum  environmental flows downstream of reservoirs follows Circular
64/2017/TT-BTNMT [29].

2.2.3. Setup SWAT model

a) SWAT model description

The Soil and Water Assessment Tool (SWAT) is a hydrological model founded on
physical principles, designed by Jeff Arnold for the USDA-ARS [30]. It partitions a
watershed into sub-watersheds and Hydrological Response Units (HRUS), linking them
through stream networks. SWAT operates in two phases: the land phase, which calculates
water, sediment, nutrient, and pesticide loads from each HRU, and the routing phase, which
tracks these quantities through the channel network to the watershed outlet. The model uses
the water balance equation:

t
S\Nt :SW0+Z(Rday_qurf _Ea_WSEEP_QQW) M
i=1

where SW¢ is the final soil water content; SWo is the initial soil water content on day i; t
is the time (days); Raay is the amount of precipitation on day i; Qsur is the amount of surface
runoff on day i (mm H0); Ea is the amount of evapotranspiration on day i; Wseep iS the
amount of water entering the vadose zone from the soil profile on day i; Qgw is the amount of
return flow on day I (all water units are in mm H20).

e Dataset

Essential datasets for the SWAT model include Digital Elevation Model (DEM), soil
and Land Use/Land Cover (LULC) maps, and weather data [30]. This study utilized a
12.5-meter resolution DEM that was downloaded from the NASA website:
https://urs.earthdata.nasa.gov/users/new. This website provides access to a broad range of
Earth observation data, including DEM, satellite imagery, and climate data. The LULC map
was inherited from 2020 classified Landsat OLI-TIRS images with seven categories WATR,
URML, AGRR, FRSE, FRST, PINE, and AGRC [20, 31]. Historical daily rainfall and
temperature data from 1990 to 2020 from five weather stations (Bao Loc, Da Lat, Lien
Khuong, Cat Tien, and Dak Nong) were used to input for the SWAT model. Monitoring flow
at Thanh Binh, Dai Nga, and Tai Lai gauges in the same period of 1990-2020 were used to
calibrate and validate the SWAT model. While missing solar radiation, wind speed, and
humidity data were auto-generated by SWAT [32]. Future climate projections were derived
from CMIP6 scenarios. Table 3 summarizes the datasets for the applied SWAT model.

Table 3. Input data used to simulate and evaluate the SWAT model.

Data Resolution Source
Digital Elevation Model 125m Downloaded from the NASA website:
(DEM) map ' https://urs.earthdata.nasa.gov/users/new
. Obtained from the local Department of Natural Resources and
Soil map 30m

Environment (DONRE)
Landsat OLI-TIRS images in 2020, downloaded from the

LuLC 30m website: http://earthexplorer.usug.gov

Weather Five stations Obtained f_rom 5 weather stations (Lien Khuong, Da Lat, Bao
Loc, Cat Tien and Dak Nong)

Streamflow Three stations  Derived from 3 gauges (Thanh Binh, Dai Nga, and Ta Lai)

e Model evaluation

The SWAT model could be evaluated by using several key indices such as the
coefficient of determination (R?), Nash-Sutcliffe efficiency (ENS), the Root Mean Square
Error (RMSE) and Percent Bias (PBIAS). In this study, Rz and ENS were specifically chosen
for evaluation due to their strong relevance in assessing model performance in hydrology.
The Rz provides a clear measure of the proportion of variance explained by the model, while
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ENS effectively captures the model's predictive accuracy in relation to observed data.
Together, these indices offer a comprehensive view of the model’s performance, essential for
validating its reliability in simulating hydrological processes. R? ranges from 0 to 1, with 1
indicating a perfect simulation. ENS ranges from -c to 1, with values above 0.5 considered
satisfactory; values from 0.5-0.65, 0.65-0.75, and 0.75-1.0 are acceptable, good, and very
good, respectively [33]. Streamflow data from 1990-2020 from Dai Nga, Thanh Binh, and Ta
Lai gauges were used for the model calibration and validation. Calibration used data from
1990-2000, and validation used data from 2001-2010. The SUFI-2 algorithm, a suitable
method implemented in SWAT-CUP 2012 and ArcGIS 10.2 [34], was used for these steps of
model calibration and validation. Notably, the missing meteorological data such as solar
radiation, wind speed, and humidity can impact model performance by introducing bias or
reducing the accuracy of simulations. However, the auto-generation method employed by
SWAT is appropriate as it uses established algorithms and relationships to estimate these
missing variables based on available data, thereby maintaining the integrity of the model
outputs.

2.2.2. Drought indices

The temporal variation in hydrological drought can differ across various time scales,
including short-term (1 or 3 months), medium-term (6 months), and long-term (12, 24, and
48 months) accumulation periods. The medium-term time scale of 6 months (SP16, SDI6) is
appropriate for portraying hydro-meteorological regimes and is suitable for monitoring
hydro-meteorological drought [35]. Thus, this study uses the streamflow drought index in a
6-month scale (SDI6) for assessing hydrological drought in the UPDN river basin due to its
effectiveness, as popularly applied by previous research [14, 17, 35]. Monthly streamflow
data in the future periods of the 2030s (2021-2040) and 2050s (2041-2060) were calculated
using the DrinC software, a tool widely adopted in drought research [36, 37], and freely
accessed at the website: (https://drought-software.com). Drought classifications are based on
SDI values as follows: Drought classifications are based on SDI values as follows: SDI1>2.0:
Extremely wet; 1.5 <SDI<2.0: Very wet; 1.0 <SDI < 1.5: Moderately wet; -1.0 <SDI < 1.0:
Normal; -1.5 < SDI < -1.0: Moderate drought, -2.0 < SDI < -1.5: Severe drought, SDI <-2.0:
Extreme drought [14, 38].

3. Results and discussions

3.1. Performance evaluation of the SWAT model

The SWAT model was calibrated and validated by using simulated and observed flows
from 1990-2000 and 2001-2010, respectively. The hydrological stations were selected based
on their geographic distribution, data availability, and representativeness of the UPDN river
basin. Thanh Binh and Dai Nga stations, located upstream, and Ta Lai, downstream, were
chosen to capture the natural flow patterns across different sections of the basin.
Additionally, the data from these stations during the selected periods of 1990-2000 for
calibration and 2001-2010 for validation were considered reliable and minimally impacted
by anthropogenic activities (hydropower operation). This ensured stable hydrological
conditions, allowing for accurate and robust model calibration and validation. The study used
the Sequential Uncertainty Fitting, version 2 (SUFI-2) method for model calibration and
verification, as it typically yields good results [34]. The SUFI-2 method efficiently narrows
parameter ranges with few iterations, making it ideal for complex models like SWAT [14,
18], where capturing variability and reducing uncertainty are crucial for accurate streamflow
predictions. The SWAT model's performance was assessed by using R? and ENS statistical
values, both of which exceeded 0.70 (Table 4). These values demonstrate the model's good
suitability based on criteria in previous studies [33, 39]. Therefore, it can be concluded that
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the SWAT model is appropriate for predicting streamflow in the UPDN river basin.
Accordingly, it can be reliably used to project the impacts of hydrological drought conditions
in the sub-basin scale for the study area in the future.

Table 4. The values of R? and NSI in the calibration and validation periods of the SWAT model.

Gauging station Calibration Validation

R? NSI R? NSI
Thanh Binh 0.810 0.757 0.811 0.809
Dai Nga 0.812 0.780 0.781 0.809
Ta Lai 0.731 0.712 0.771 0.759

3.2. Projected changes in minimum, maximum temperature, and precipitation

Figure 3 illustrates the yearly average trends of minimum temperature (Tmin), maximum
temperature (Tmax), and precipitation from 2021 to 2060. These trends are based on ensemble
means from five selected Global Climate Models (GCMs) under the SSP2-4.5 and SSP5-8.5
scenarios for five areas: Da Lat (DL), Lien Khuong (LK), Bao Loc (BL), Dak Nong (DN),
and Cat Tien (CT). The results show that Tmax and Tmin have similar increasing trends across
the entire UPDN river basin, with nearly parallel trend lines. Both SSP2-4.5 and SSP5-8.5
scenarios indicate a more pronounced increase in yearly mean Tmin and Tmax compared to
yearly precipitation. The temperature increases of the SSP5-8.5 scenario project higher from
0.5°C to 1.0°C compared to the SSP2-4.5 scenario across the UPDN river basin.

Under the SSP2-4.5 climate change scenario, the temperature increases in Da Lat, Lien
Khuong, Bao Loc, Dak Nong, and Cat Tien are approximately 0.80°C, 0.81°C, 0.82°C,
0.83°C, and 0.84°C for Tmax, and 0.75°C, 0.75°C, 0.76°C, 0.76°C, and 0.77°C for Tmin,
respectively. Figure 4 (al, a2) illustrates the spatial distribution of these temperature
increases. Under the SSP5-8.5 climate change scenario, both Tmin and Tmax show similar
increasing trends from 2021 to 2060 across all areas. The increases in Tmin at Da Lat, Lien
Khuong, Bao Loc, Dak Nong, and Cat Tien are approximately 1.21°C, 1.22°C, 1.24°C,
1.27°C, and 1.29°C. Meanwhile, the values for Tmax are 1.20°C, 1.23°C, 1.26°C, 1.28°C, and
1.32°C, respectively. The spatial distribution of temperature increase is less in the
East-Northeast regions compared to the South-Southwest regions, as Figure 4 (b1, b2).

Regarding rainfall factors, the SSP2-4.5 scenario graph and trend function in Figure 3
show no clear increasing or decreasing trend for yearly rainfall from 2021 to 2060. The
results show a distinct upward trend in both minimum (Tmin) and maximum (Tmax)
temperatures compared to vague and unclear fluctuation trends in annual rainfall. These
findings are also consistent with previous reports [2, 17, 18, 40, 41]. The average rainfall
across the UPDN river basin during this period is 2138 mm. Under the SSP5-8.5 scenario, the
average annual rainfall is 2096 mm, lower than the SSP2-4.5 scenario. Specifically, under the
SSP2-4.5 scenario, the rainfall in Da Lat, Lien Khuong, Bao Loc, Dak Nong, and Cat Tien is
approximately 1692 mm, 1688 mm, 2490 mm, 2462 mm, and 2359 mm respectively. Under
the SSP5-8.5 scenario, these values are 1633 mm, 1631 mm, 2447 mm, 2438 mm, and 2331
mm respectively. Similar to temperature factors, the spatial distribution of yearly rainfall
increase in East-Northeast regions is less pronounced than in South-Southwest regions under
the SSP2-4.5 scenario. Moreover, under the SSP5-8.5 scenario, Da Lat, Lien Khuong, and
Bao Loc show yearly rainfall decrease trends ranging from -6.73% to -1.23% per year.
Meanwhile, Dak Nong and Cat Tien regions show yearly rainfall increase trends ranging
from 1.53% to 7.03% per year, as shown in Figure 4 (b3). The relative stability of annual
rainfall under the SSP2-4.5 and SSP5-8.5 scenarios suggests that water availability may not
fluctuate drastically throughout the years, allowing for more consistent irrigation practices
and crop management strategies. However, the distribution of rainfall involves uncertainty
[25, 42], so stakeholders must remain vigilant in monitoring rainfall patterns to adapt to
potential shifts in climate conditions.
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Figure 3. Projected changes in yearly minimum temperature, maximum temperature, and
precipitation in the period of 2021-2060 in Da Lat (DL), Lien Khuong (LK), Bao Loc (BL), Dak
Nong (DN), Cat Tien (CT): (a) SSP2-45 scenario; (b) SSP5-8.5 scenario.

Because rainfall volumes and changes significantly impact drought conditions [1], this
study analyzed rainfall in more detail to assess its effect on drought in the basin. Average
monthly precipitation for 2021-2060 was examined in two periods: 2021-2040 (near future)
and 2041-2060 (mid-century), under SSP2-4.5 and SSP5-8.5 scenarios. This analysis
provides crucial information for developing short-term and long-term adaptation strategies.
Figure 5 shows changes in average monthly rainfall for the 2030s and 2050s under the
SSP2-4.5 scenario, compared to the 1990-2020 historical period. Monthly rainfall tends to
increase from mid-rainy season to the early dry season (August to December). Conversely,
monthly rainfall tends to decrease from the mid-dry season to the early rainy season
(February to May) for both SSP2-4.5 and SSP5-8.5 scenarios. These results are also similar
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to the previous study in Ca river, a basin located in North Central Vietnam with a climate
divided into four distinct seasons (autumn, winter, spring, and summer), the spring MAM
(March, April, May) precipitation in the future could be decreased, while the autumn
(September, October, November: SON) precipitation could be increased [41, 43]. Clearly,
the trend of increasing and decreasing rainfall in the study area has the distinctly dry-rainy
seasonal characteristics of the Central Highlands region.
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Figure 4. Spatial changes and trends in (1) annual minimum temperature average (Tmin, °C), (2)
annual maximum temperature average (Tmax, °C) and (3) annual precipitation (P%, mm) in the period
of 2021-2060 in the UPDN river basin: (a) SSP2-4.5 scenario; (b) SPP5-8.5 scenario.

Compared with the SSP2-4.5 scenario, the average monthly rainfall of the SSP5-8.5
scenario is more erratic and unpredictable. In the period 2022-2041, rainfall decreases in the
dry season months including January, February, April, May, June, and July. While rainfall
increases in the months of September, October, November and December. In the period
2041-2060, rainfall decreases in February, March, April, May, and June but increases in the
months of January, June, August, September, October, November, and December. Thus, the
SSP5-8.5 scenario can cause irregular monthly rainfall changes, no longer following the
seasonal pattern (dry season and rainy season) in the basin.

Generally, under the influence of climate change, the results show that in both SSP2-4.5
and SSP5-8.5 scenarios, rainfall tends to increase in the rainy season months and decrease in
the dry season months, especially in the last months of the dry season and the early rainy
season (from April to May). It can be predicted that climate change will cause droughts and
floods to become more and more unusual in the near future in the basin. Therefore, to
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effectively mitigate the risk of extreme drought events during the dry season, managers and
policymakers must implement proactive measures focused on prevention and preparedness.
Upgrading reservoirs and improving irrigation efficiency are essential for optimizing water
management and ensuring that agricultural and domestic needs are met during times of water
scarcity.
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Figure 5. Projected changes in monthly and yearly rainfall mean in Da Lat, Lien Khuong, Bao Loc,
Dak Nong, and Cat Tien in the period of 2021-2040 and 2041-2060: (a) SSP2-4.5 scenario; (b)
SSP5-8.5 scenario.

3.3. Projected changes in the hydrological droughts

3.3.1. Drought frequency analysis

The frequency of hydrological drought for 18 sub-basins ranked from the highest to the
lowest for the period 2021-2040 and 2041-2060 according to the SSP2-4.5 scenario is shown
by the bold values in the “Sum of D” column in Table 5. The spatial distribution of
hydrological drought (SDI6) for the two periods 2021-2040 and 2041-2060 for the two
scenarios SSP2-4.5 and SSP5-8.5 on the UPDN river basin is shown in Figure 6. In general,
in the basin, the normal condition (NC) is still the most common, accounting for over 67%
compared to the rest being drought (D) and wet condition (WC). At the same time, there is a
relatively equal balance between wet (WC) and drought (D) in the basin, which reflects the
current reality in the basin, which is local drought and flooding all appear in the basin.
Overall, UPDN river basin, wet condition (WC) is 10.5% vs. 11.0% of D over 2021-2040 and
16.5% of WC vs. 15.6% of D over 2041-2060 for the SSP2-4.5 scenario. These figures for
the SSP5-8.5 scenario are 14.6% of WC and 15.6% of D in 2021-2040 and 16.3% of WC and
14.7% of D in 2041-2060, respectively. Furthermore, for the SSP2-4.5 scenario, the period
2041-2060 has a higher frequency of drought than the period 2021-2040 (15.6% compared to
11.0%). At the same time, in the near future period 2021-2040, the SSP5-8.5 scenario has a
higher frequency of drought than SSP2-4.5 (15.6% compared to 11.0%). However, in the
period 2041-2060, the frequency of drought does not differ much between these two
scenarios with 15.6% of SSP2-4.5 compared to 14.7% of SSP5-8.5. This is also consistent
with the average monthly rainfall forecast for the period 2041-2060 of these two scenarios
shown in Figure 5.

At the sub-basin level, according to the SSP2-4.5 scenario, in the period 2021-2040, the
three sub-basins with the highest frequency of hydrological drought (SDI16) are respectively
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Dong Nai 4 (DN 9), Dong Nai 3 (DN 8) in Di Linh, Bao Lam districts of Lam Dong province
and Dak Nong (DN 10) in Dak Glong district, Gia Nghia city of Dak Nong province with
corresponding values of 13.6%, 13.2%, and 13.2%. During the period 2041-2060, the three
sub-basins Da Huoai (DN 16) in Da Huoai district, La Nga (LN 1) in Di Linh district, and
Don Duong (DN 3) in Don Duong district of Lam Dong province will have a high frequency
of occurrence. Hydrological drought (SDI6) is the highest with corresponding values of
18.75%, 17.9%, and 17.4%. However, the sub-basin with extreme drought (ED) status
belongs to DN2 (Da Tam) in Duc Trong district, DN6 (Da Dang) in Lam Ha district and DN
3 (Don Duong) in Don Duong district for the period 2021-2040 and DN 10 (Dak Nong), DN
12 (Dak R’Keh) of Dak Glong district, Gia Nghia city of Dak Nong province and DN 1 (Da
Nhim) in Don Duong district, as italic values shown in Table 5. Therefore, in the future, there
needs to be adaptive solutions for these areas where extreme drought (ED) occurs.

Table 5. Ranking from the highest to the lowest the frequency of hydrological drought according to
sub-basins under the SSP2-4.5 scenario.

The near future period of 2021 - 2040 Mid-century period of 2041 - 2060

No.

D wc Nc Prought(®) Sum Lo b wc Nc Drought(D) SUM o

MD sb Ep °fD MD Sb ED °fD

1 DNO 753 10.2 136 100 DN 16 64.7 13.2 18.7 100
2  DNB8 757 9.4 132 100 LN1 65.1 9.8 17.9 100
3 DN10 77.4 11.9 132 100 DN3 66.0 9.4 17.4 100
4 DN16 715 11.9 12.8 100 DN®6 66.4 10.2 16.2 100
5 DN2 79.1 10.6 12.8 100 DN7 66.4 9.8 16.2 100
6 DN6 757 6.0 128 100 DNB8 672 89 15.7 100
7  DN7 757 6.0 128 100 DNO9 67.7 85 15.7 100
8 DNI11 77.0 106 128 100 DN 10 677 98 15.7 100
9 LN1 728 11.9 123 100 DN 17 66.0 8.9 15.7 100
10 DN4 753 6.4 123 100 DN4 67.7 89 15.3 100
11  DN12 787 85 11.9 100 DN 12 677 94 15.3 100
12 DN13 796 9.4 106 100 DN1 715 8.1 14.9 100
13 DN 14 80.4 9.8 10.6 100 DN 11 68.1 6.4 14.9 100
14 DN15 80.4 9.4 10.6 100 DN5 702 85 145 100
15 DN17 80.4 10.2 10.6 100 DN 13 67.7 6.4 145 100
16 DN3 791 6.4 94 100 DN 14 67.7 6.4 145 100
17 DN1 851 5.1 60 100 DN 15 67.7 6.4 145 100
18 DNS5 92.8 0.4 04 100 DN?2 75.7 8.9 14.0 100

For the UPDN 784 8.6 11.0 100 67.8 8.8 15.6 100

(*) ID: identification; WC: wet condition; NC: normal condition; MD: moderate drought; SD: severe
drought; ED: extreme drought; D: drought condition.

Analysis of the SSP5-8.5 scenario reveals significant spatial and temporal variations in
hydrological drought frequency across the study area. For the period 2021-2040, Da Huoai
(DN 16), La Nga (LN 1), and Cat Tien (DN 14) are the highest frequency of hydrological
drought sub-basins, with respective values of 20.0%, 19.6%, and 17.9%. The period of
2041-2060 shows Ta Lai (DN 17), Da Huoai (DN 16), and La Nga (LN 1) are the highest
drought sub-basins with frequencies at 18.3%, 17.0%, and 17.0%, respectively. Notably, the
occurrence of extreme drought conditions does not necessarily correlate with overall drought
frequency. For the 2021-2040 period, extreme drought events are predominantly observed in
DN4 (Da Quyn), ND7 (Dong Nai 2), and DN6 (Da Dang). In contrast, the 2041-2060 period
sees a geographical shift in extreme drought occurrences, with ND10 (Dak Nong), ND4 (Da
Quyn), and DN3 (Don Duong) being the most severely affected. These findings, as illustrated
in Table 6, underscore the complex spatial dynamics of hydrological drought in the region
and highlight the importance of sub-basin scale analysis in drought management strategies.
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Table 6. Ranking from the highest to the lowest the frequency of hydrological drought according to
sub-basins under the SSP5-8.5 scenario.

The near future period of 2021 - 2040 Mid-century period of 2041 - 2060
No. Drought (D)  Sum Drought (D) Sum

ID WC NC MD SD ED ofD Total ID WC NC MD SD ED ofD Total

1 DN16 61.3 10.2 20.0 100 DN 17 64.3 14.0 18.3 100
2 LN1 63.8 115 19.6 100 DN 16 67.2 9.8 17.0 100
3 DN14 63.4 12.3 179 100 LN1 64.7 10.6 17.0 100
4 DN15 63.4 12.3 179 100 DN 15 67.7 11.9 16.2 100
5 DN13 63.8 10.2 179 100 DN 14 67.7 11.1 16.2 100
6 DNI12 67.2 9.8 17.4 100 DN 12 66.8 8.9 153 100
7 DN11 65.1 94 16.2 100 DN 10 67.2 94 153 100
8 DN17 66.4 11.5 16.2 100 DN 13 65.5 9.8 153 100
9 DN9 69.4 9.8 16.2 100 DN 11 66.0 10.2 149 100
10 DNS8 706 94 153 100 DN7 70.6 6.8 14.0 100
11 DN4 736 94 149 100 DN8 68.9 8.1 14.0 100
12 DN2 73.2 85 140 100 DN9 69.4 8.1 14.0 100
13 DN7 75.3 85 140 100 DN®6 719 64 13.6 100
14 DN6 75.3 1.7 136 100 DN1 72.3 6.0 132 100
15 DN3 745 6.8 13.2 100 DN4 72.3 6.0 132 100
16 DN1 745 1.7 13.2 100 DN3 72.3 5.5 12.8 100
17 DN5 779 6.8 119 100 DN2 73.2 55 123 100
18 DN10 77.0 8.1 10.6 100 DN5 73.2 55 123 100
For the UPDN 69.8 94 15.6 100 69.0 85 147 100

(*) ID: identification; WC: wet condition; NC: normal condition; MD: moderate drought; SD: severe
drought; ED: extreme drought; D: drought condition.

3.3.2. Spatial variability of drought

The spatial and temporal variability of drought conditions within the basin is influenced
by a complex interplay of factors, including climate change scenarios, precipitation patterns,
sub-basin distribution (upstream and downstream), and hydroelectric plant operations. Under
the SSP2-4.5 scenario, drought frequency exhibits a higher prevalence in the sub-basins
situated in the East-Northeast upstream region of the basin (Figure 6a). These areas, as
previously analyzed, receive comparatively less precipitation than the West-Southwest
region. Furthermore, hydroelectric projects within the basin exert a significant influence on
drought conditions, particularly in cases of extreme drought (ED). Two noteworthy
hydroelectric projects that divert water to external basins warrant particular attention: (1) Da
Nhim hydrologic plant with a capacity of 120MW transfers approximately 0.7 billion m3 of
water to the Cai river basin in Phan Rang province, situated between DN1 (Da Nhim) and
DN3 (Don Duong); and (2) Dai Ninh hydrologic plant with a capacity of 160MW diverts
approximately 1.3 billion m? of water to the Luy river basin in Binh Thuan province, located
between DN4 (Da Quyn) and DN6 (Da Dang). These projects have a substantial impact on
the hydrological drought conditions within the basin. Of particular note, the watersheds DN3
(Don Duong) and DN6 (Da Dang), which are situated downstream of these water-diverting
hydroelectric projects, exhibit a higher frequency of extreme drought (ED) conditions
compared to other sub-basins. Consequently, these two watersheds should be accorded
priority in drought prevention and mitigation efforts within Lam Dong province.

Analysis of the drought conditions under the SSP5-8.5 scenario reveals a higher
frequency of drought events in the downstream regions of the basin (DN 15, DN16, DN17)
compared to the upstream areas (Figure 6b). Paradoxically, wet conditions (WC) also exhibit
greater prevalence in the downstream regions. This dichotomy suggests that the SSP5-8.5
scenario introduces a higher degree of unpredictability in both drought and flood occurrences
relative to the SSP2-4.5 scenario. The total annual precipitation does not significantly differ
between the two scenarios however there are substantial variations in monthly rainfall
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patterns between dry and wet seasons. Consequently, the temporal and spatial distribution of
hydrological drought conditions varies markedly between the SSP2-4.5 and SSP5-8.5
scenarios, and therefore there will be a difference in the spatial distribution of drought in the
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Figure 6. The spatial frequency of hydrological drought according to sub-basins level in the period
of (1) 2021-2040 and (2) 2041-2060: (a) SSP2-45 scenarios; (b) SSP5-8.5 scenarios.

3.4. Changes in hydrological drought in future scenarios compared to the historical period

The results of calculating historical hydrological drought are based on monitoring data
from three hydrological stations in the basin, including Thanh Binh in the Da Dang sub-basin
(ND6), Dai Nga in the La Ngai sub-basin (LN1), and Ta Lai in the Ta Lai sub-basin (DN17).
Streamflow data spanning the 30-year period (1990-2020) were utilized to calculate SDI6 for
the Thanh Binh and Ta Lai stations. While streamflow data of the 24-year period
(1990-2014) were employed for the Dai Nga station, because the Dai Nga station has not
operated normally since 2014 due to the water diversion caused by the Dai Nga hydropower
plant. Overall, for both the historical and future periods, the NC (normal conditions) still
predominates, accounting for more than 63%, compared to the WC (wet conditions) and D
(drought) (Table 7). Additionally, the percentage of D and WC is nearly equal, reflecting the
climate characteristics of the UPDN basin, which has a five-month dry season (December to
April), followed by a seven-month rainy season (May to November). However, under the
influence of climate change, extreme drought (ED) is projected to occur more frequently in
the future. For example, at Thanh Binh, the ED occurrence was 1.6% during the historical
period 1990-2020, compared to 3.0% for the period 2041-2060 under the SSP2-4.5 scenario,
and 6.4% under the SSP5-8.5 scenario. At Ta Lai, ED accounts for 4.1% during 1990-2020,
rising to 11.5% under the SSP2-4.5 scenario and 14.0% under the SSP5-8.5 scenario for the
period 2041-2060, respectively.
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Table 7. Comparison of the frequency of hydrological drought historical observation to future
predictions at three Thanh Binh, Dai Nga, and Ta Lai gauges under the SSP2-4.5 and SSP5-8.5

scenarios.
. . Drought (D)
Scenarios Periods wC NC MD sD ED SumofD Total
Thanh Binh gauge
History 1990 - 2020 73.3 7.4 13.1 100
2021 - 2040 75.7 6.0 12.8 100
55P2-4.5 2041 - 2060 66.4 10.2 16.2 100
2021 - 2040 75.3 43 13.6 100
SSP5-8.5 2041 - 2060 71.9 2.6 13.6 100
Dai Nga gauge
History 1990 - 2020 76.8 5.0 10.4 100
2021 - 2040 72.8 11.9 12.3 100
SSP2-4.5 2041 - 2060 65.1 9.8 17.9 100
SSPE.8.5 2021 - 2040 63.8 1.7 19.6 100
' 2041-2060 188 | 64.7 0.0 17.0 100
Ta Lai gauge
History 1990 - 2020 73.3 7.4 14.2 100
2021 - 2040 66.0 8.9 15.7 100
SSP2-4.5 2041 - 2060 664 | 13 16.2 100
2021 - 2040 66.4 1.3 16.2 100
SSP5-8.5 2041 - 2060 643 00 18.3 100

(*) WC: wet condition; NC: normal condition; MD: moderate drought; SD: severe drought; ED:
extreme drought; D: drought condition.

In general, the observed spatial patterns in hydrological drought occurrence within the
UPDN river basin can be attributed to a combination of climatic, geographical, and
anthropogenic factors. The interplay of these factors results in complex spatial patterns of
drought occurrence within the UPDN river basin. The basin's topography has influenced
local climate patterns. The distribution of precipitation across the basin is uneven, with
certain areas receiving less rainfall than others. For example, the East-Northeast upstream
regions with high elevation often experience lower precipitation compared to the
West-Southwest areas, contributing to various drought frequency and severity. The presence
of hydroelectric plants and water diversion projects has impacted local hydrology. For
instance, the Da Nhim and Dai Ninh plants have diverted substantial water to other basins,
potentially leading to reduce water availability downstream, especially during dry periods.
Hydropower reservoirs upstream can significantly modify the natural flow regime by altering
the timing and magnitude of water release. These regulated flows, often designed to meet
energy demands, exacerbate drought and flood conditions in downstream sub-basins.

Based on these results, there is a relatively equal balance between wet and drought
conditions, reflecting the current reality in the basin, where localized droughts and flooding
events frequently occur. These changes in droughts can be reduced by upgrading reservoirs
and improving irrigation system efficiency. Moreover, agricultural practices need to adapt to
the changing rainfall patterns. Agricultural activities need to shift to more drought-resistant
crop varieties, adjust planting schedules, and implement soil moisture management
techniques to maintain productivity during drier periods. In addition, the drought mitigation
solutions should be prioritized for sub-basins that have high drought frequency and severity
such as Da Tam, Don Duong, Da Quyn, and Da Dang.

4. Conclusions

The findings suggest that climate change could lead to more significant increases in
temperature than changes in precipitation. In the future, increases in temperature and
precipitation are anticipated to vary spatially and temporally across the basin. The trend
shows greater temperature and precipitation increases in the West-Southwest than in the
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East-Southeast of the basin. Under the SSP2-4.5 scenario, annual rainfall slightly increases in
most areas of the basin for the period 2021-2060. However, the SSP5-8.5 scenario projects a
slight rainfall decrease in the East-Southeast region and a slight increase in the
West-Southwest. Additionally, rainfall tends to decrease in some months of the dry season
(February to May) and increase some months of the rainy season (August to December).
These changes in rainfall patterns contribute significantly to variations in drought frequency
and severity across the basin.

The frequency of drought occurrence varies between the upstream and downstream areas
of the basin, depending on climate change scenarios, rainfall distribution, and hydroelectric
project operations. According to the SSP2-4.5 scenario, drought frequency is more common
at sub-basins located in the upstream part belonging to the East-Northeast of the basin.
Conversely, the SSP5-8.5 scenario suggests that the downstream part of the basin (DN 15,
DN16, and DN17) experiences more frequent hydrological droughts than the upstream part.

The frequency and severity of droughts can vary between sub-basins. Da Tam (DN2),
Don Duong (DN3), Da Quyn (DN2), Da Dang (DN6), Dong Nai 2 (ND7), Dak Nong
(DN10), and Dak R’Keh (DN12) are the sub-basins having more frequent extreme drought
(ED) conditions compared to the rest of the basins. These sub-basins should be prioritized for
drought prevention in the coming years. The research results can provide valuable
information for policymakers in planning, management, and sustainable development of the
UPDN river basin. These findings highlight the need for targeted adaptive management
strategies, such as prioritizing water conservation and storage infrastructure in sub-basins
with higher drought frequency and severity, and adjusting hydroelectric project operations to
mitigate downstream drought risks.

The study has proposed the useful solution in integrate GIS, remote sensing (RS), and
the SWAT model to simulate and analyze the spatiotemporal dynamics of hydrological
droughts in the UPDN river basin. However, this study also has some limitations, such as the
lack of detailed reservoir operation data. The weather data input for the SWAT model,
derived from GCMs with a 10 km x 10 km resolution, can cause uncertainty. Thus, further
research should focus on integrating high-resolution climate data and exploring the impacts
of land-use changes and human activities on drought dynamics to provide a more
comprehensive understanding of future water resource challenges.
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Abstract: A geomechanical model is developed to determine the elastic modulus, to analyze
the rules of rock and surface displacement, and study the caving span caused by mechanized
longwall mining. The rules of rock deformation and displacement have been determined,
including the stress distribution, the development of the failure zone, the height of the failure
zone, the caving span of the longwall, the order of layer arrangement, the displacement
deformation vector, the maximum subsidence, and the boundary displacement angle. In this
paper, the author uses the Rocdata program to determine the elastic modulus (E), cohesion (C),
and internal friction angle () as inputs for the geomechanical model. The software RS2 (Phase
2) from Rocscience Inc. (Canada) is then used to calculate some parameters and displacement
quantities. The results showed that the maximum subsidence in the dip direction is n = -2.250
m and in the strike direction nj = -0.659 m. The boundary displacement angle is fo = 47°. The
caving height is H = 10 m. The caving repeats at the span 10th, meaning that the length of the
longwall mined in the strike direction reaches 65 m. Afterward, the caving span and the height
of the caving zone repeat.

Keywords: Deformation and displacement; Geomechanical model; Elastic modulus;
Caving span of the longwall.

1. Introduction

Various methods have been used to study rock deformation and displacement. This
includes theoretical methods based on the finite element method to determine the stress-strain
state from the geomechanical model. A geomechanical model is used to determine the
deformation and displacement parameters as well as the complete destruction of the rock
mass within the influence zone of the longwall [1]. During the process of stress redistribution
in the rock mass, it can reach a completely stable state or an unstable state at different levels,
which can cause a loss of force equilibrium, leading to the bending and collapse of roof strata
[1, 2].

In Vietnam, studies on mine deformation are mainly conducted based on observation
data [3-5], some recent studies have applied Al technology to predict surface subsidence [6,
7]. These studies show high reliability, but it can only be predicted after observation data is
available, meaning that the subsidence process has occurred. To solve the problems, elastic
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and continuous environment modeling was used in the works of researchers [8-14]. Since
2011, several studies on deformation and displacement using equivalent material models
have been done in various documents [15, 16-20], focusing on load-bearing capacity and
deformation control in roadways [21]. However, these documents show that the research is
labor-intensive and conducted on small models, resulting in a large equivalent coefficient.
Theoretical research to predict subsidence has also been carried out by some experts. The
study [19] used the Phase2 program to analyze subsidence and mechanical transformation
during the combined underground and open-pit mining. The study [1] constructed a
geomechanical model due to the impact of mechanized longwall mining in thick seams. The
study determined a coefficient KC = 1.2 for the Quang Ninh coal region and found the
deformation displacement rules. The prediction of the height of the failure zone and layer
separation can be found in many studies [17, 22, 23].

In this paper, the author uses the Rocdata program to calculate the elastic modulus (E),
cohesion (C), and internal friction angle () as input data for the geomechanical model. The
software RS2 (Phase 2) is then used to study the deformation and displacement rules and
caving span of Seam | (12) at Mong Duong coal mine, Quang Ninh coal field, Vietnam.

2. Materials and Methods

2.1. Study area

Mong Duong coal mine is located in Mong Duong ward, Cam Pha City, Quang Ninh
province, Vietnam. The exploration area is situated 10 km to the East-Northeast of Cam Pha
city. At the mine, Seam | (12) is mined using the partially mechanized longwall mining
method with full caving from level -97 to -45. The average depth from the surface to the
mining longwalls is 90 m to 120 m. The coordinates of the research area limits are shown in
Table 1.

Table 1. Coordinates of the research area limits.

No. Point name X Y
1 H 29600 31200
2 E 29600 31900
3 F 30300 31900
4 | 31300 31200

Figure 1. Geological cross-section of line XII [24].

The geological conditions of the seam | (12) are shown in Table 2. The geological line
XI1 passing through the research area is illustrated in Figure 1.
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Table 2. Geological conditions of seam 1(12).

78

No. Parameters of the longwall m/degree Seam 1(12)
1 Mining level m -97 + -45
2 Seam thickness m 8
3 Seam dip angle degree 40
4 Overburden thickness m 5
5 Longwall length in the dip direction m 60-70
6 Longwall length in strike direction m 80-120
7 The average depth of the longwall m 90-120

2.2. Calculation of Elastic Modulus for the Geomechanical Model of Mong Duong Coal Mine

During the geotechnical construction process, in addition to sampling at line XIlI,
additional boreholes LK102, LK103, LK736, LK732, LK2, LK-L2, LK16, LK19, LK24 were
taken. The compressive strength (o) of sandstone ranges from 90 to 126 MPa, with an average
of 113 MPa; siltstone ranges from 30 to 55 MPa, with an average of 42 MPa; claystone ranges
from 17 to 40 MPa, with an average of 28 MPa; and coal has a strength of 17 MPa [25]. The
Rocdata program is used to determine the elastic modulus (E), cohesion (C), and internal
friction angle () as shown in Table 3.

To calculate the deformation and displacement of the Mong Duong coal mine, it is
necessary to study and build a geomechanical model. The author proposed the elastic
modulus EC = KC.ER (where ER is the elastic modulus calculated from Rocdata, KC = 1.24)
[1], while other parameters such as cohesion and internal friction angle remain unchanged.
The results from RS2 with varying cohesion and internal friction angle show that the
deformation does not change significantly in the model. Thus, the determined input
parameters E, C, ¢ for running the geomechanical model of the Mong Duong coal mine are
shown in Table 4.

Table 3. Geological conditions of seam 1(12).

Compressive Geological Blast Material Elastic . InFer_naI
Type of Strength damage Cohesion  friction
No. strength constant  modulus
rock o (MPa) Index factor (mi) E (MPa) C (MPa) angle
(GSh) (D) ® (dg)
1 Sandstone 113 45 0.8 17 2110 0.805 42.358
2  Siltstone 42 37 0.8 7 691 0.323 23.276
3  Shale 28 11 0.8 4 244 0.40 12.281
4  Coal 17 8 0.8 4 93 0.052 3.5
Table 4. E, C, ¢ for Mong Duong coal mine.
No. Parameters Sandstone Siltstone Shale Coal
1 EC 2532 829.2 292.8 93
2 C 42.358 23.276  12.281 3.50
3 0] 0.805 0.323 0.40 0.052
3. Results

3.1. Calculation diagram

Applying the above geomechanical model, the input parameters E (elastic modulus), C,
and ¢ are entered into the software RS2. The author takes the cross-section of line XII as a
representative cross-section for specific calculations. The rock layers are considered to be
parallel to each other. The stratigraphy of the rock includes sandstone, siltstone, shale, and
coal. The calculation domain of the model has a width and height of 700300 m compared
to the actual width of the cross-section of 1400x450 m. It should be noted that the area from
the observation station of seam | (12) to the outer boundary is 500 m, and the mining level
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of seam | (12) from -80 to the surface is 250 m, meaning a height of about 330 m. The
modeled dimensions of 700x300 m are reasonable compared to reality and are shown in
Figure 2.
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Figure 2. Simulation of soil and rock strata and model dimensions.

3.2. Calculation of deformation and displacement

The longwall mining system uses hydraulic supports. The roof control is managed by
full caving, with a coal seam thickness of 8 meters and a longwall length of 80 m. The
parameters for sandstone, siltstone, shale, and coal are entered into the model as shown in
Figure 3.
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Figure 3. Entering parameters of the model.

J | ! | | | | '
- i
 FEA [E=8EER ) I
fieldueue Input File:  [chuong 4 me20-7-17v2ifea
Wiiting File
Elemnents 103 DOF: iz
|| | Processed Files: Stage 7 o« [ 7
H Load Step: | 6 of | ]
Iteratior: 455 |
prsiemblolilic Tolerance: Masimum Talerance:
Free Disk = EES259286 KB
Total Memary = -95182 KB |o.o0157348 Jo.om |
Assembling force.
b Max. Swap Memory [KE] 45091
Execution Priority: MNarmal -
| | Pase | Abort
H (|
Computing, Please Wait... 00:00:18
t: ! ! ! ! ! ! ! 1 L Il ! Il Il ! ! !

Figure 4. Computing the displacement.
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After entering the parameters, the software automatically runs the calculation loop for
deformation displacement, as shown in Figure 4. The vertical and horizontal displacements
are shown in Figures 5, 6.

Vertical
Displacement
[m]

0.00=+000
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Figure 6. Horizontal deformation.

The determination of subsidence and displacement angle is shown in Figure 7. The graph
describing the displacement process of each rock layer is shown in Figure 8.
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Figure 7. Vertical displacement and displacement angle.
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The displacement vectors in the rock layers and the distribution of finite elements in the

model are shown in Figures 9 and 10, respectively.
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Figure 10. The distribution of finite elements in the model.

3.3. Determination of the caving span of the mechanized longwall | (12)

Calculating the stress-strain state for a mining cycle in the mechanized longwall along
the main dip direction is a problem of determining the displacement pattern of the roof coal
seam and the overlying strata along the roadway. The displacement of the rock layers due to
coal mining originates from the manifestation of mine pressure and abutment pressure in
longwall mining. The displacement span of the longwall and the distribution of abutment
pressure ahead and behind the longwall face are shown in Figure 11.

In the direction of longwall mining, the destruction of the overlying strata gradually
develops forward. The process of stress-strain redistribution in the rock strata above the
longwall continuously occurs. By analyzing the stress-strain of the rock and coal blocks
above the longwall, we can obtain a picture of the destruction (plastic deformation), thereby
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calculating the caving height
(i.e., the height at which the
rock strata become plastic - the
shear strength reaches residual
deformation). The mechanized
longwall extracts an 8 m thick Q
seam along the dip direction.
The area prepared for
installing the support frame is
a roadway approximately 6 m
wide. Each face advance in
each coal-cutting cycle is 0.63
m. The coal cutting height is
2.4 m, followed by full caving
of the top coal. The calculation diagram is shown in Figure 12. The physical and mechanical
properties of the rock layers are taken according to Table 3. The initial face advance distance
is 12.3 m (including 10 caving spans of the longwall and the distance for preparing the
support frame installation). To clearly show the stress-strain zone, the author considers 10
mining cycles 6.3 m as one span on the model with 20 spans of the longwall advance to find
the distribution pattern of the displacement and deformation zones around the longwall and
on the ground surface. The finite element method is applied using the RS2 (Phase 2) software
from Rocscience Inc. (Canada).

KyH

Figure 11. Distribution of abutment pressure ahead and bedind the
longwall face.
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Figure 12. Geomechanical model of the mechanized longwall along the strike direction.

The calculation results of the maximum principal stress values in the caving spans of the
longwall mining are shown in Figures 13 to 19.

e

Figure 13. Description of the principal stress o at the initial longwall.
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Figure 14. Description of the principal stress o at the 2" span.

Figure 15. Description of the principal stress o at the 5 span.

Figure 16. Description of the principal stress o at the 6" span.

Figure 17. Description of the principal stress o at the 7" span.
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Figure 18. Description of the principal stress o; at the 8" span.

Figure 19. Description of the principal stress o at the 101 span.

Through the simulations in the above figures, it can be seen that after the face advance,
the destruction describes the caving of the rock layers above the longwall. From the figures,
the caving height (the distribution area of the circular points) is calculated to be H = 10 m.
Thus, at the 10" span, the caving span repeats. This means that the length of the longwall
mined along the strike direction reaches 65m, and the caving span and height repeat.

Summarizing the face advances with 10 spans, we see that at the 10" span, the
distribution pattern of the principal stress o1 returns to the initial state as shown in Figure 20.
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Figure 20. Distribution pattern of the principal stress o at the spans.
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The calculation results of the displacement and deformation of the rock layers on the
ground surface and above the longwall are shown in Figures 21-24.

8] [vervicm
Displaconent

Figure 21. Displacement and deformation of the rock layers during initial longwall mining
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Figure 22. Displacement and deformation of the rock layers at the 5" span.
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Figure 23. Displacement and deformation of the rock layers at the 10" span.
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Figure 24. Displacement and deformation on the ground surface and basal rock layer.

The vertical displacement is shown in the cross-section as in Figure 25.
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Figure 25. Vertical displacement values on the surface.

The vertical displacement of the surface above the longwall roof is shown in Figure 26.
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Figure 26. Subsidence curve above the longwall roof.
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3.4. Analysis of the geomechanical model

The surface subsidence is shown with the red line representing the maximum value and
the blue line representing the minimum value (Figure 5). The calculation result determines
the maximum subsidence n = 1.150 m, with the boundary displacement angle fo=47° (Figure
7).

The results analyzing surface subsidence are shown through the deformation of the finite
element mesh (Figures 7, 8). This indicates that when mining at a certain depth, the
subsidence area on the surface expands, but the curvature decreases. This means that the
deeper the mining is, the less likely it is to cause sliding and collapsing of architectural
structures. This also demonstrates that as mining goes deeper and reaches a safe mining
depth, the displacement and deformation do not propagate to the surface.

The displacement and deformation of the rock layers show three distinct zones: the
complete displacement zone near the roof forming a V-shape, above which is the sagging
zone, and the compressed rock zone (Figure 7).

The displacement vector direction is shown, with the vector magnitude increasing from
the surface down to the longwall roof, reaching a maximum value at the longwall roof. The
further from the center of the longwall, the smaller the displacement vector value is,
indicating the compressed rock zone (Figure 9).

The finite elements in the model are uniformly distributed and arranged according to a
certain pattern. The destruction zone mainly develops above the roof of the mining area, with
the height and shape depending on the dip and the relative distance of the mining area to the
surface. It is also noted that during mining, destruction zones may appear on the surface due
to overall subsidence and deformation. The tensile failure may appear on the upper boundary
of the study area (Figure 10).

The caving height (the distribution area of the circular points) is calculated to be H = 10
m. Thus, at the 10" span, the caving span repeats, meaning that the length of the longwall
mined along the strike direction reaches 65 m, and the caving span and height repeat (Figure
20).

Therefore, to ensure the accuracy and reliability of the results from the geomechanical
model, the paper determines the maximum subsidence on the model and verifies against the
monitoring results at the Mong Duong coal mine, as shown in Table 5. The verification
results show that the angle and displacement from the geomechanical model are very close
to the actual value.

Table 5. Comparison of subsidence and displacement angle.

Value Geomechanical model Field measurement Note
n -2.250 m -2.282m Dip direction
n -0.659 m -670m Strike direction
Bo 47° 450

4. Conclusion

The geomechanical model accurately determines displacement and deformation
parameters at the Nam Mau coal, showing close agreement between field observation and
the calculated values for displacement and other parameters.

The model’s calculations for the longwall along the dip direction reveal variations in the
rock layers surrounding the longwall, including specific strata and surface conditions. The
boundary displacement angle was determined to be Bo = 47°, with maximum subsidence
values of 1 = —2.250 m in the dip direction, and n = —0.659 m in the strike direction. The
caving height was found to be H = 10 m, along with the caving span of the roof rock in thick
seams mined using mechanized longwall methods. The model identifies their zone: the
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continuous sagging zone, the sagging zone with cracks, and the displacement basin on the
surface.

Overall, the geomechanical model provides a comprehensive view of the displacement
and deformation processes in rock strata and ground surfaces.
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Abstract: Landslides represent a severe natural hazard, particularly in mountainous areas
where steep slopes, intense rainfall, and unstable geological conditions frequently trigger
destructive ground movements. This study focuses on assessing the potential landslides in
Tia Dinh Commune, Dien Bien province, Vietnam, using the LS-RAPID model to simulate
and predict potential hazards. By conducting extensive field surveys, geophysical
measurements, and applying extreme-case scenario simulations, we identified three high-
risk landslide zones (S1, S2, S3) alongside a larger area, zone S, which poses the most
significant threat due to its potential for widespread and rapid material displacement.
Despite challenges posed by limited geotechnical data in remote regions, the LS-RAPID
model effectively predicted movement patterns, velocity, and impact zones of landslides,
significantly improving our understanding of landslide dynamics. The results underscore
the importance of integrating landslide risk assessments into local land-use planning to
ensure safer community development. Additionally, we recommend the installation of
groundwater monitoring devices at strategically identified locations within these high-risk
zones to support early warning systems and enable timely preventive measures. Our
findings highlight the need for a proactive approach to landslide risk management,
combining prediction models with comprehensive monitoring strategies. This research
provides a valuable framework for disaster preparedness, offering insights adaptable for
regions facing similar landslide threats.

Keywords: Landslide hazard; LS-RAPID model; Tia Dinh commune.

1. Introduction

Landslides are among the most devastating natural disasters, particularly in mountainous
regions where the convergence of steep slopes, heavy precipitation, and unstable geological
conditions often triggers extensive ground movements [1, 2]. These events result in
significant damage worldwide, affecting infrastructure, and agricultural lands, and posing
severe threats to human safety [3, 4]. Notably, many landslides involve single mass
movements characterized by long and wide flow paths, making them difficult to predict and
leading to catastrophic consequences. A notable instance is the rock and ice avalanche from
the north peak of Nevados Huascaran in Peru in 1970. This event resulted in a mass
movement that traveled 16 kilometers, descending about 4,000 meters in elevation, with
average speeds reaching 280 km/h, ultimately leading to the tragic loss of approximately
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18,000 lives [5]. Similarly, on February 17, 2006, a rapid and long-runout landslide struck
the southern part of Leyte Island, Philippines, where the debris flow extended over 1.5
kilometers, causing 154 confirmed fatalities and leaving 990 individuals missing [6].

In Vietnam, the risk of landslides is heightened by its rugged terrain, fractured geological
structures, and intense seasonal rainfall, posing serious threats to communities and critical
infrastructure [7, 8]. Many landslide incidents have combined with flash floods, impacting
areas that extend over several kilometers. Examples include the events recorded in Phin Ngan
Commune, Bat Xat District, Lao Cai Province in 2004 and 2016; in various communes of
Phuoc Son and Nam Tra My districts, Quang Nam Province in 2020; and more recently in
Lang Nu Village, Phuc Khanh Commune, Bao Yen District, Lao Cai Province. These
occurrences underscore the destructive potential of landslides. Given landslides' sudden and
volatile nature, developing robust prediction and risk management strategies is essential to
mitigate their impact on vulnerable regions [9].

Engineering interventions, including retaining walls and slope reinforcements, are
widely used to reduce landslide risks; however, these measures often come with significant
financial and labor demands and are difficult to apply effectively over extensive areas. The
repeated occurrence of landslides in Sichuan, China, highlights the limitations and challenges
of structural mitigation approaches, especially in regions with complex and unstable
geological landscapes. Despite considerable investments in preventative efforts, the area's
vulnerability to seismic activity and variable weather patterns continue to fuel these recurring
landslide events. Studies have shown that natural triggers such as earthquakes and intense
rainfall are frequently responsible for initiating landslides, thereby complicating the
efficiency of conventional engineering solutions in landslide control and management [10,
11].

Numerous dynamic models have been developed to simulate and analyze the runout
behavior of landslide materials, including MADFlow [12], RASH3D [13], Particle Flow
Code PFC3D [14], DAN3D [15], and the LS-RAPID model [16]. These models have proven
to be highly effective in accurately predicting landslide initiation and progression when
supported by comprehensive geotechnical data. However, their application is often limited
due to the substantial requirement for extensive field data, detailed soil characterization, and
meticulous model calibration, all of which can be resource-intensive processes [17].
Additionally, the variability of terrain in landslide-prone areas, marked by differing soil
characteristics, rock formations, and hydrological conditions, presents a significant challenge
in applying these models universally across diverse regions.

In situations where early indicators of instability, such as ground cracks or subsidence,
are observed, the prompt use of predictive models becomes crucial in issuing early warnings
and executing preventive measures. Extreme scenario modeling can effectively highlight
high-risk areas, enabling timely interventions like evacuations or the enforcement of land-
use regulations. The implementation of predictive models for assessing the impact of sliding
material flows supports the generation of hazard maps, which play a key role in guiding land-
use planning and enhancing disaster preparedness.

In this study, we employed the LS-RAPID model in Tia Dinh Commune to strengthen
landslide risk management by simulating extreme-case scenarios. The LS-RAPID model is
a 3D software capable of simulating the entire sequence of a landslide event (from identifying
the initiation point to tracking the material flow’s movement path). The LS-RAPID model
has been applied extensively to simulate numerous landslide events worldwide [18-23],
including in Vietnam [24, 25], helping to identify characteristics of landslide masses, such as
triggering groundwater levels, material flow thickness, and affected areas. With its proven
effectiveness, this model can accurately predict potential landslide movements, providing
critical support for construction safety and preventive planning. By offering a rapid and cost-
efficient approach to landslide forecasting, our research seeks to enhance the understanding
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of landslide dynamics in developing regions, ultimately contributing to the protection of lives
and the reduction of economic losses in vulnerable communities.

2. Materials and Methods

2.1. Study area

Tia Dinh Commune, located in Dien Bien Dong district of Dien Bien province in
northwestern Vietnam (Figures 1 and 2), lies within a mountainous area that has been
identified as a paleo-landslide zone through geological and geomorphological studies, as well
as remote sensing analysis. In recent years, the region (referred to as Area A) has shown signs
of instability, with multiple ground cracks and subsidence occurring during heavy rainfall
events, posing a significant threat to the safety of residents and their infrastructure. Some
images of these cracks and subsidence were taken since 2019 and are presented in Figures 3-
6. This includes critical structures such as the People’s Committee office, health stations,
schools, and more than 69 residential houses. Given the evident landslide risks, local
authorities have begun the process of relocating the commune center to a safer, lower-lying
area (area B) to mitigate potential hazards.
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Figure 1. Study areas: The center of the Tia Dinh commune (Area A) and the proposed area for
relocation (Area B).

The terrain of the study area is characterized by high mountains, with absolute peak
elevations ranging from over 800 m to 1,200 m. In Area A, the terrain features a mixture of
steep slopes and relatively rounded peaks. The central part of the commune exhibits distinct
elevation levels, with the area above 960 m characterized by steep slopes, while the area
below 960 m has significantly gentler slopes. Land cracking and subsidence phenomena are
currently mainly observed within the boundaries of this terrain transition. In Area B, the
terrain primarily consists of mountain ridges extending in a northeast-southwest direction,
interspersed with short, gentle ravines forming part of the Na Hay stream valley. The
mountain ridges in this area have relatively gentle slopes and peaks.

Concerning the geological characteristics, the area belonging to the Suoi Bang
Formation (Tsn-rsbl) comprises sandstone, siltstone, mudstone, with minor sandstone-
conglomerate, conglomerate, and breccia, showing a medium bedding structure. The
formation dips southwest, with typical dip angles between 25 and 40 degrees. It belongs to
the clastic sedimentary rock group, rich in aluminosilicates, characterized by weak
cementation and high porosity. Near faults, the bedding orientation shifts to dip either
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southeast or northeast, with dip
angles ranging from 60 to 80
degrees. Under humid tropical
climate conditions, a thick
weathering  crust  develops,
resulting in significant thickness.
An ancient landslide mass (Q)
(Figure 2) was identified and
delineated through topographic
analysis combined with field
investigation at a scale of 1:5,000,
geophysical surveys, and borehole
drilling. This landslide covers an
area of approximately 15 hectares,
extending about 800 meters in
length and reaching a maximum
width of 340 meters.

Figure 2. The center of the Tia
Dinh commune (Area A).

S S
R Aea AR

e E

C} Geophysical survey line
[ @ | Drilling location

[l] Location of landslide sign I:‘ River and stream network

Point of groundwater discharge L\\D,i] Buildings and houses

III Ancient landslide Attitude of bedding
:‘ Fault

Suoi Bang Formation

Figure 4. Cracks appeared inside the office of the People's Committee (left) (L2 in Figure 3) and in

a nearby house (right).
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Figure 5. Cracks and subsidence on the foundations of Ms. Sung Thi Pa's house (left) (L3 in Figure
3) and Ms. Giang Thi Chu’s house (right) (L4 in Figure 3).

Figure 6. Damages at the primary school (L5 in Figure 3): In the classroom (left) and on the
surrounding walls (right).

2.2. Methodology

The LS-RAPID model is a sophisticated tool designed to simulate and predict landslide-
prone areas and assess their potential impact. It has demonstrated high accuracy in global
applications, particularly when integrated with the undrained dynamic-loading ring-shear
apparatus, yielding precise results in various regions. However, in Vietnam, where
approximately 75% of the land consists of hilly or mountainous terrain, it is challenging to
perform soil sample tests comprehensively across all landslide-susceptible zones due to
constraints in resources and time.

Specifically, dealing with large and complex landslide masses poses difficulties, as
combining parameters from different locations is often intricate. This complexity arises
because physical models are generally more suitable for areas with uniform geological
conditions. In regions already identified as at risk for landslides, it is crucial to explore
simpler, more practical methodologies that can be rapidly deployed and adapted to predict
hazardous zones effectively.

The fundamental concept behind this simulation approach can be visualized through
Figure 1, which represents a vertical imaginary column within a moving landslide mass. The
forces acting on this column include (1) its self-weight (W), (2) seismic forces (comprising
vertical force Fv and horizontal forces Fx and Fy in the x-y direction), (3) lateral pressure on
the side walls (P), (4) shear resistance at the base (R), (5) normal stress at the base (N) as a
reaction from the stable ground due to the self-weight's normal component, and (6) pore
pressure at the base (U). The landslide mass (m) experiences acceleration (a) due to the
combined influence of these forces, which include the driving force (composed of self-weight
and seismic forces), lateral pressure, and shear resistance.
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Landslide mass

Figure 7. Core principles of the LS-RAPID model. On the left: a column element depicted within the
moving landslide mass. On the right: the force equilibrium acting on the column is demonstrated [6].

In this study, the LS-RAPID model was utilized to predict potential landslide hazards,
providing valuable insights for land-use planning and infrastructure development.
Additionally, groundwater levels that could act as landslide triggers were assessed to enhance
monitoring systems and enable early warnings before landslide occurrences. Several
geotechnical parameters required for the LS-RAPID model were derived from soil sample
analyses. However, due to the limitations in the available equipment in Vietnam, certain
parameters could not be directly measured. In these cases, the extreme-case scenarios based
on parameter suggestions from the model’s developer or data from previous studies were
employed to ensure a comprehensive risk assessment. The values of the model’s key
parameters are presented in Table 1, and detailed information about the parameters can be
referred to in [16].

Table 1. The key parameters in LS-RAPID simulations were applied to the Tia Dinh area.

Parameters Value Source

Steady-state shear resistance (tss, KPa) 5 Extreme value

Friction angle at peak (¢p, degree) 20 Test data (average value)

Friction angle during motion (¢m, degree) 20 Estimation based on ¢p

Cohesion at peak (c, kPa) 5 Extreme value
Shear displacement at the start of strength reduction (DL, mm) 6 Extreme value
Shear displacement at the start of steady state (DU, mm) 2500 Extreme value
Pore pressure generation rate (Bss) 0.8 Extreme value

Total unit weight of the mass (yt, KN/m?®) 20 Test data (average value)
Unit weight of water (yw, KN/m®) 9.8 Standard value

The application process of the LS-RAPID model for predicting landslide hazards
involves four key steps as follows:

(1) Data Collection and synthesize relevant information about the study area, including:

- Digital Elevation Model (DEM) data.

- Historical landslide traces and events, identified from satellite imagery and media
reports.

- Previous measurement results conducted in the area.
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- Research findings from previous applications of the LS-RAPID model, both within
Vietnam and internationally.

(2) Field Survey:

- Identify and document visible signs of landslide activity.

- Investigate exposed sections to estimate the thickness of weathered layers (potential
slip surfaces).

- Conduct geophysical measurements and drilling to determine the thickness of soil
layers, if feasible.

The electrical resistivity sounding method was performed using a multi-electrode
approach within a 2D model. Measurement points along each survey line were spaced 10
meters apart, following a dipole-dipole array configuration. Measurements were recorded
using an electrical station equipped with a VIP 3000 transmitter and an Elrec Pro receiver by
IRIS Instruments, delivering a transmission power of 3KW, with a maximum current of 10A
and a peak output voltage of 1500V. For data analysis, we utilized Res2Dinv, a specialized
software by Geotomo Software, which supports 2D quantitative analysis and includes terrain
correction functions.

The results from the geophysical surveys reveal significant variations in geological units
and structures, suggesting that geological features potentially influencing subsidence and
landslide activities may extend to depths exceeding 20 meters. Accordingly, boreholes with
depths of over 20 meters were drilled to further investigate these subsurface conditions

(3) Model Application: Implement the LS-RAPID model by delineating potential slip
surfaces and simulating different scenarios using geotechnical parameters and groundwater
levels. These scenarios should be based on both analytical results and data from previous
studies.

In LS-RAPID model, the influence of groundwater levels on slope stability due to water
rise is shown via the pore water pressure ratio ry [6]:

r, =Au/c 1)
Au=hxy_xcos’a 2
c=Hxy_xcos’a (3)

where Au: Pore water pressure exerted on the potential sliding surface (kPa); o: Total
normal stress exerted on the potential sliding surface (kPa); h, H: Water depth, soil depth
(m); v, 74+ Unit weight of water, unit weight of soil (kN/m3); a: Slope angle.

The value of ry was incrementally adjusted to simulate scenarios of groundwater levels
(from dry soil conditions to cases where groundwater levels are at ground level) and thereby
predict the locations where landslides are most likely to initially occur.

(4) Report and Hazard Mapping:

- Develop a detailed report and forecast maps that include:

- Areas at risk of landslides and groundwater levels that could trigger such events
(identifying locations where groundwater monitoring devices should be installed to support
early warning systems).

- Predicted movement patterns of landslide materials (including impact range, average
velocity, and thickness of the debris flow).

3. Results

3.1. Results of identifying potential high-risk landslides

Through comprehensive field surveys and analysis of drilling and geophysical data, the
research team identified three high-potential landslide zones: S1, S2, and S3 (Figures 8 and
9), along with several other areas at risk. These zones together constitute the largest potential
landslide, referred to as S. This extreme-case scenario envisions the simultaneous occurrence
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of landslides in all identified zones (S1, S2, S3) as well as other susceptible locations within
Area A (Figure 10).

Landslide S1 (Figure 9a): This is the primary arc-shaped sliding surface that governs the
movement of the central sliding block in Tia Dinh Commune. It originates from the mountain
slope at an elevation of approximately 1070-1080 m. The arc’s crest measures about 340 m
in width, with the widest portion reaching nearly 400 m. The sliding surface aligns with the
boundary between highly fractured rock layers and a significantly weathered zone or the old
landslide material. The maximum thickness of the sliding surface in areas at high risk of
landslides is estimated to be around 24 m. Cracks and subsidence features have been
observed, with crack lengths ranging from a few meters to 30 m, widths up to 20 cm, and
subsidence depths reaching up to 1.5 m in some locations.

Landslide S2 (Figure 9b): This large sliding surface is also located in the central area of
Tia Dinh Commune. The crest of the sliding arc spans 300 m, with its widest section
measuring 380 m. Landslide S2 lies entirely within the old landslide deposit, with its surface
coinciding with the boundary between this material and either a highly weathered layer or
fractured rocks. The sliding surface is situated approximately 12 m beneath the current terrain
surface. Cracks and subsidence are frequently visible on both sides of the road, near the
People's Committee office, and at the Primary School, with crack lengths ranging from a few
meters to over 20 m and widths from a few centimeters to 10-15 cm. The observed subsidence
varies between a few centimeters and up to 25-40 cm.

Landslide S3 (Figure 9c¢): This sliding surface is present in agricultural fields and around
some fishponds, at elevations of 990-1015 m. The crest of this sliding surface measures 70
m, while its widest section reaches 130 m. It is situated within the old landslide material, with
an estimated thickness of about 19 m. Signs of cracking and subsidence have been
documented along the mountain slope, with lengths ranging from 15 to over 40 m and widths
from a few centimeters to 10 cm. The subsidence depth mainly ranges from 20 to 80 cm, with
some areas reaching depths of up to 150 cm. Groundwater discharge points are also observed
near both the upper and lower sections of this sliding surface.

3.2. Result of LS-RAPID simulations

The LS-RAPID model has been applied to develop a comprehensive landslide risk map,
highlighting areas vulnerable to landslide occurrence and their potential impacts by using
extreme-case scenario parameters. The process involved generating a 3D model of the study
area with a 5 m resolution digital elevation model, compiling detailed data from soil analysis,
drilling results, and geophysical measurements, and determining the optimal parameter set
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Figure 8. The potential landslides S1, S2, and S3 were determined based on the results of drilling,
geophysical measurements, and field surveys.
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for the model. The parameter set was based on either direct soil analysis results or extreme-
case scenarios derived from recommendations provided by the model's author or from
existing published studies. This approach ensures that the model is effectively calibrated to
accurately predict landslide risks, taking into account the specific geotechnical conditions of
the study area.

Figure 9. Predicted landslides (S1, S2, S3) (cyan color) and the locations with high potential for
initiation (the red blocks inside). The area outside the cyan boundaries represents the elevation of the
terrain, which ranges from green to red.

Figure 9 shows three predicted landslides (outlined in green lines) are S1 (a), S2 (b), and
S3 (c), with high-risk locations where landslides could initiate (the red blocks inside).

The groundwater levels that are predicted to induce landslides S1, S2, S3 at the potential
surfaces:

- Landslide S1 could occur when the groundwater level on the landslide surface is 4.9 m
or higher (19.1 m or less from the ground).

- Landslide S2 could occur when the groundwater level on the landslide surface is 2.5 m
or higher (9.5 m or less from the ground).

- Landslide S3 could occur when the groundwater level on the landslide surface is 5 m
or higher (14 m or less from the ground).

The suggested sites for installing water level monitoring devices, to provide early
warnings of landslides, are the locations where the initiation of landslides is predicted
(indicated by the red blocks in Figure 9).

The potential hazard of the largest landslide, denoted as S, was simulated for the
extreme-case scenario in area A (Figure 10). Figures 10 and 11 present the results of the LS-
RAPID model simulations, illustrating the material movement of landslide S originating from
area A. The model assumed an average sliding surface thickness of 22 m, consistent with the
predicted potential landslides in the region. The simulation forecasted a possible flow path
of the landslide material extending over 1.9 km, with a maximum thickness exceeding 40 m.
The width of the material flow path progressively narrowed from 370 m at the top of the
slope to 50 m at its terminus. Some of the landslide material can travel at high speeds,
reaching Area B in just over 2 minutes. This highlights the immediate threat posed to Area
B by the fast-moving debris, even as the landslide continues to unfold over a longer period.
This indicates that the initial phase of the landslide is extremely fast, posing an immediate
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threat to area B, even while the rest of the landslide continues to move more slowly over a
longer period.

Time: 0 Time: 1 min Time: S mins

Figure 10. The simulation result of the LS-RAPID model for the movement of landslide S (the cyan
color). The purple boundary indicates the range of impact of the sliding material over time, with the
red blocks inside representing the masses of sliding material. The area outside the purple and cyan
boundaries represents the elevation of the terrain, which ranges from green to red.
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Figure 11. Map of possible landslide hazard S and proposed change for Area B. The red boundary

area represents the range of impact from sliding materials, where changes in the topography (post-
slide versus pre-slide) are indicated from blue (decreased) to red (increased).
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Based on the simulation results, it is recommended to adjust the eastern boundary of area
B to mitigate potential impacts from sliding material originating from area A. While the
western boundary has been assessed as stable and suitable for further research and possible
expansion of the resettlement area, the northern and southern regions appear currently safe
from major landslide events. However, additional investigations are advised for these areas
to ensure comprehensive risk assessment and mitigation in future developments.
Furthermore, considering the potential risk from area A’s landslide materials impacting Tia
Dinh Commune, local authorities should adopt land-use strategies that prioritize safety.
Specifically, high-risk areas might be more suitable for long-term tree planting or agricultural
uses rather than residential or public infrastructure development.

Physical models, including the LS-RAPID model, are often praised for their precision in
assessing landslide risks and impact extents. However, their applicability tends to be limited
to smaller, geologically uniform areas. In larger regions with multiple potential landslide
surfaces, geological parameters can vary significantly, which makes it challenging to select
a representative sample for the entire area.

To better predict landslide-prone zones for effective land-use planning, the LS-RAPID
model was employed using an extreme-case scenario approach for geological parameters.
Although this method may not provide an exact simulation of hazard areas, it tends to
overestimate the affected zones, thereby ensuring greater safety margins. This approach also
offers significant cost and time savings, making it particularly suitable for application in
remote mountainous regions of Vietnam. Additionally, if the thickness of the landslide mass
can be estimated, the LS-RAPID model can be used to determine the minimum groundwater
level required to trigger landslides. Identifying this critical activation level is essential for
developing reliable landslide monitoring and early warning systems, thereby enhancing the
region’s preparedness against such natural hazards.

4. Conclusions

This study has demonstrated the effectiveness of applying the LS-RAPID model for
landslide risk prediction in Tia Dinh Commune, Vietnam. Through comprehensive field
surveys, soil analysis, and extreme-case scenario simulations, we identified three high-risk
landslide zones (S1, S2, S3) within the study area, as well as the larger potential landslide
zone S. The results indicate that the movement of landslide material in zone S could spread
rapidly, posing immediate threats to both the existing resettlement area and the proposed
relocation site, highlighting the need for urgent risk management measures.

The LS-RAPID model has proven to be a valuable tool in accurately simulating landslide
dynamics, providing crucial insights into potential flow paths, velocities, and impact ranges
of landslides. However, the accuracy of the model heavily depends on the availability of
detailed geotechnical data. In regions like Vietnam, where data collection is often limited,
there is a need for innovative approaches to estimate geological parameters more effectively.

To enhance early warning capabilities, this study recommends installing groundwater
monitoring devices at critical locations identified in zones S1, S2, and S3. These positions
were selected based on their potential to trigger landslides when groundwater levels reach
specific thresholds. Continuous monitoring at these sites will be essential for issuing timely
alerts, enabling preventive actions such as evacuations or structural reinforcements before
landslide events occur.

The findings of this study also highlight the importance of incorporating landslide risk
assessments into local land-use planning. High-risk areas, including the broader zone S,
should be prioritized for non-residential uses, such as reforestation or agriculture, to
minimize potential damage to infrastructure and human lives.

This study contributes significantly to the understanding of landslide dynamics in Tia
Dinh Commune, providing a framework for effective risk management strategies that can be
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adapted to other landslide-prone regions in developing areas. Implementing these strategies,
along with the establishment of a robust groundwater monitoring network, will be essential
in enhancing community safety and mitigating the devastating impacts of landslides.
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