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Regions prone to deep landslides are characterized by thick materials exceeding 

10 m and frequent natural disasters. This research aims to analyze the recent 

occurrence of Pesanggrahan landslide in Central Java, Indonesia, which is a 

region consisting of both settlements and rice fields. Surface mapping was 

conducted using aerial photos and direct field observations. Additionally, 

subsurface conditions to identify the unconsolidated material layers below the 

landslide surface have been analyzed using the seismic refraction method. The 

primary velocity (Vp) values are represented in 2D subsurface cross sections. 

Differences in Vp values corresponded to different geological layers. There were 

four distinct layers: Top Soil (TS), Clay (CL), Weathered Bedrock (WB), and 

Tuff Breccia (TB) within the 2D seismic refraction cross-section with Vp values 

ranging from 150 to 1,800 m/s. The ranges of Vp are: 150-600 m/s for Top Soil 

(TS), 600-1,200 m/s for Clay (CL), 1,200-1,800 m/s for Weathered Bedrock 

(WB), and values exceeding 1,800 m/s for Tuff Breccia (TB). The material layer 

is critical for sustainable land management strategies aimed to control landslides. 

Furthermore, the potential depth of the sliding plane was managed through 

effective environmental management practices, including proper disposal of 

household waste and minimizing the cutting of steep slopes. 

Keywords: 

Thick materials/ Material layers/ 

Landslide/ Seismic refraction/ 

Geotechnical assessment  

* Corresponding author:
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1. INTRODUCTION

Landslide is a natural disaster that often occurs 

in Indonesia (Ariyanto et al., 2019; Usman et al., 2020; 

Sadisun et al., 2021), comprising several types based 

on mass movement and direction of materials such as 

rock, earth or debris down a slope (Lee and Jones, 

2004). This natural disaster is also divided into 

shallow and deep landslides, depending on the 

thickness of the material (Pratiwi et al., 2019). 

However, the research location characterized by the 

appearance of an outcrop with a material thickness 

greater than 10 m tend to encounter deep landslide. 

Residents at the base have diverse agricultural lands 

covered by the extremely thick material from the 

natural disaster. Although it remains in the transition 

zone, the materials mainly possesses Clay (CL) texture 

(Pulungan and Sartohadi, 2017; Sartohadi et al., 2018; 

Noviyanto et al., 2020). Therefore, to properly assess 

the impact of lanslide, it is crucial to identify and 

understand the thickness of the materials. 

In landslide environment, both surface and 

subsurface components can be investigated and 

identified by testing soil samples or mapping for risk 

disaster with Geographic Information System (GIS) 

Citation: Purnamasari ANC, Hartantyo E, Sartohadi J, Hafazhah H. Mapping subsurface and surface characteristics of the recent Pesanggrahan 

Landslide, Central Java, Indonesia, for landslide hazard management. Environ. Nat. Resour. J. 2025;23(1):1-13.

(https://doi.org/10.32526/ennrj/23/20240163)
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(Iscan and Guler, 2021; Budha et al., 2020; Ming and 

Zawawi, 2021; Putra et al., 2021; Thongley and 

Vansarochana, 2021; Intarat et al., 2024), and the use 

of geophysical methods, respectively (Sana et al., 

2021; Galone et al., 2024; Jin et al., 2024). In addition, 

the methods often used to identify subsurface layers 

include geoelectric (electrical resistivity 

tomography/ERT), seismic refraction tomography 

(SRT), and multichannel analysis surface wave 

(MASW) (Zainal et al., 2021; Amanatidou et al., 2022; 

Butchibabu et al., 2023; Karaaslan et al., 2023). 

Seismic refraction can be used to identify geological 

faults and fractures beneath the surface (Sichugova 

and Fazilova, 2024). Subsurface mapping in the form 

of cross-sections showing the layers is often used in 

environmental applications. Asides from landslide, it 

can also be used for mining and petroleum geology 

analyses (Jaysaval et al., 2021; Punzo et al., 2021; 

Rahimi et al., 2021), resulting in the generation of both 

2D and 3D visualizations of subsurface cross-sectional 

results (Imani et al., 2021b; Sana et al., 2021; Whiteley 

et al., 2021). 

This present research used seismic refraction to 

obtain a cross-section of the surface beneath landslide. 

According to Telford et al. (1990), and Reynolds 

(1997), the waves in various soil or rock layers with 

varying densities were refracted. Meanwhile, 

dissimilarities in the density of material layers tend to 

show differences in Vp values. Preliminary research 

used seismic refraction method to determine 

subsurface characteristics of landslide and the volume 

of materials (Samyn et al., 2012; Whiteley et al., 2020; 

Imani et al., 2021a). 

The occurrence of landslide posed potential risk 

to the surrounding environment, caused by the 

unconsolidated super thick materials. Therefore, the 

current research focused on the layers, which tended 

to transition into slip areas, considered a major cause 

of landslide.

The subsurface cross-section was interpreted 

into multiple strata connected to geological and 

geomorphological data, through direct field 

observations and information from prior research. 

Layer interpretation was used to determine the 

characteristics of landslide materials, while 

differentiating Vp values from the results of seismic 

refraction measurement helped to identify the 

properties of diverse material layers. Furthermore, 

landslide was controlled through sustainable land 

management based on the properties of the materials. 

2. METHODOLOGY

Surveys were carried out to determine the 

research location and geophysical measurement 

trajectories. Furthermore, three geophysical 

trajectories were determined after conducting direct 

field observations. Measuring the length of a possible 

path in landslide depended on whether the surface had 

undulations. 

Direct field observations were carried out to 

obtain geomorphological and geological data to 

support seismic refraction interpretation. The outcrops 

or open material were carefully analyzed to obtain the 

actual appearance of the layer beneath the surface. 

These were found under large landslide and in several 

other parts. 

Surface mapping was carried out using aerial 

photography taken above Pesanggrahan landslide with 

DJI Phantom. This landslide is located in Bogowonto 

watershed, with Sumbing Volcano situated upstream. 

Meanwhile, the surface morphology around 

Bogowonto watershed was characterized by several 

thick deposits of material and erosion (Maulana et al., 

2023), leading to frequent landslide in Ngasinan 

research location. Direct field observations carried out 

in Ngasinan showed many creeps, dormants and 

landslide outcrops. Furthermore, super thick soil 

material was observed in this transition area, impacted 

by tertiary and quarter zones (Pulungan and Sartohadi, 

2017; Pulungan and Sartohadi, 2018; Sartohadi et al., 

2018; Prayitno et al., 2019). Thick layered soil 

properties were produced due to the formation of 

materials from many geological periods and sources.  

Landslide outcrops, including those influenced 

by human activities such as cutting hillsides, showed 

layers of extremely thick soil material. Furthermore, 

layers originating from volcanic eruption deposits of 

Sumbing and weathering of parent rock have different 

characteristics. Figure 1 shows the exact location of 

landslide outcrops, in Bogowonto Watershed Basin in 

Ngasinan Village.  

Seismic refraction is a geophysical method that 

can be used to determine differences in deeper layers. 

The principle of this method depends on the 

propagation of refracted seismic waves at the boundary 

of the layer, thereby depicting the difference in primary 

velocity (Vp) (Reynolds, 1997). Additionally, seismic 

refraction was obtained using the Snell’s law formula in 

equation (1) (Telford et al., 1990). 

sinθ1

V1
=

sinθ2

V2
= p    (1) 
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The quantity p is called the raypath parameter. 

Seismic refraction method was used to describe 

subsurface conditions in accordance with the Vp 

model. However, in the case of landslide, the existence 

of field boundaries was identified through the contrast 

in Vp between the solid and weathered material. 

Figure 1. Research location and seismic refraction trajectory in the landslide area 

Seismic refraction was measured using three 

trajectories in the landslide area. The first trajectory 

LS1 was positioned at the crown of the landslide, 

tending towards the West-East. The second trajectory 

LS2 was positioned on the body, heading North-

South, in the same direction as the landslide 

movement. While, the third trajectory LS3 was 

positioned at the foot of landslide tending towards 

West-East. Detailed seismic refraction measurement 

parameters are shown in Table 1. Additionally, field 

acquisition activities in Figure 2 show seismic 

trajectory and the tool used, namely Doremi 24 

channels. 

Table 1. Seismic refraction measurement parameters 

Trajectory Length (m) Interval (m) Shot number Geophone number Record time (s) Sampling rate (Hz) 

LS1 (AB) 98.5 4.5 5 22 0.25 5,000 

LS2 (CD) 76.5 3.5 5 22 0.25 5,000 

LS3 (EF) 98.5 4.5 5 22 0.25 5,000 
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(a) (b) 

Figure 2. Seismic refraction measurement: (a) one of seismic trajectories, and (b) measurement tools Doremi 24 channels 

Seismic refraction data processing flowchart 

and method are shown in Figures 3 and 4. In addition, 

three seismic trajectories produced a 2D cross-section 

of Vp values. Data was processed with Seisimager 

package software, comprising Pickwin and Plotrefa 

programs (Figure 4). The main task of the Pickwin 

program is to pick the first arrival time, including 

editing the geometry, and turning off bad traces. The 

picked data is saved and opened in the Plotrefa 

program, where the T-X curve tends to be displayed 

(Figure 3). Furthermore, data quality control was 

performed by editing the position of the picking point 

to comply with the rules of refraction. Elevation data 

were inputted in this program, whose main task was to 

perform tomographic inversion. In this research, an 

initial model of 10 layers, maximum depth of 30 m, 

and five iterations served as the parameters of the 

inversion process. 

3. RESULTS AND DISCUSSION

3.1 Material layers interpretation

Seismic refraction measurements were used to 

generate 2D cross-sectional Vp values from the 

subsurface of the Pesanggrahan landslide. Layered 

variations in Vp values were shown in 2D cross-

section, depicting various material deposit layers, as 

proven by the results of the inversion in Figure 5. 

Seismic refraction data on 2D cross-section of LS1, 

LS2, and LS3 trajectories suggested that each had a 

depth of approximately 25 to 30 m. 
Figure 3. Flowchart of seismic refraction data processing 

4
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Figure 4. Seismic data processing: (a) raw data, (b) traveltime graphic, (c) initial model, and (d) inversion result 

(a) (b) 

(c) 

(d) 

5



Purnamasari ANC et al. / Environment and Natural Resources Journal 2025; 23(1): 1-13

Figure 5. Inversion results: (a) LS1, (b) LS2, and (c) LS3 trajectories 

2D seismic refraction sections obtained Vp 

values between 150 m/s and 2,999 m/s. Patanduk 

(2020), conducted a research on the transition zone, 

and reported that Vp within the range of 200 and 700 

m/s were categorized as Top Soil (TS), while values 

between 700 and 1,000 m/s, 1,000 and 1,800 m/s, and 

greater than 1,800 m/s were referred to as CL, 

Weathered Bedrock (WB), and Tuff Breccia (TB), 

respectively. In accordance with previous research 

(Patanduk, 2020) and direct geomorphological 

observations conducted in the field, the interpreted 

seismic section contained four large layers. TS 

constituted the top layer, followed by CL, WB, and TB 

with Vp values within the range of 150 to 600 m/s, 600 

to 1,200 m/s, 1,200 to 1,800 m/s, and greater than 

1,800 m/s, respectively. 

Direct field observation led to the discovery of 

WB outcrop at the foot of landslide, characterized by 

soft hardness, mixed lump structure, and red 

appearance. WB originated from breccia material 

altered as a result of weathering. Figure 6 shows WB 

outcrop at the foot of a landslide, approximately 20 m 

below LS3 trajectory. When viewed from an elevated 

position, WB outcrop was approximately 50 m below 

(a) 

(b) 

(c) 
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LS1 track. This direct observation data strengthened 

the interpretation of 2D seismic refraction layer. 

Although landslide has not yet covered TB 

outcrop, this structure was discovered in nearby areas. 

TB outcrop has an elevation of 517 m, implying that 

the interpretation of 2D seismic refraction section 

was correct because TB was below WB layer. 

Furthermore, TB outcrop was characterized by a 

grayish-white color, sand-border texture and softness, 

with the location shown in Figure 7. 

TS, CL, WB, and TB layers were depicted in the 

interpretation of 2D seismic refraction cross-section. 

Each of the four layers had a different thickness, for 

example TS, CL, WB, and TB ranged from 2 to 8 m, 

3 to 10 m, 2 to 12 m and greater than 15 m.

Sequentially, each layer had a depth surface of 0-5 m, 

5-15 m, 15-20 m and greater than 20 m. Table 2 shows 

the layers derived from seismic refraction findings and 

direct field observations. 

The loose uppermost layer, TS was found on 

both the surface and crown of landslide, covered with 

many types of plants. CL layer was characterized by 

CL texture based on the outcrops surrounding 

landslide. Meanwhile, the red WB layer is loose, 

having a similar appearance to the outcrop in Figure 6. 

This layer is formed from a combination of previously 

occurring landslide material and weathering of 

subsurface rock. TB layer contains material impacted 

by volcanic eruptions (tuff), including rock deposit 

from pre-existing outcrops as shown in Figure 7. The 

prior material was moved and deposited by river 

currents, forming breccia rock units. Furthermore, WB 

and TB layers were characterized by the CL texture 

and ability to hold large quantity of water when tested. 

This implied that the material had weathered, proven 

by the altered physical and chemical qualities. 

Table 2. Super thick material layers in deep landslide 

Layer Depth (m) Vp (m/s) Thickness (m) 

TS 0-5 150-600 2-8

CL 5-15 600-1,200 3-10

WB 15-20 1,200-1,800 2-12

TB >20 >1,800 >15

Figure 6. WB at the foot of landslide 

In geology, weathered or altered material is 

related to hydrothermal variations around volcanoes 

(Kereszturi et al., 2021; Douglas et al., 2022; 

Kanakiya et al., 2022; Heap et al., 2023). The altered 

material was produced as a result of magma activity, 

generating heat beneath the surface. However, this 

volcanic activity occurred earlier leading to the 

formation of younger eruption strata (Sambodo and 

Arpornthip, 2021). Material from several eras formed 

layers that were deposited into super thick material, 

such as at the research location. 

7
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Figure 7. TB in Ngasinan research area 

The distinct properties of the layers make thick 

materials prone to landslide. However, the 

susceptibility to this natural disaster was controlled by 

the thickness, and characteristics of the material, 

including varying physical and chemical contents. 

Texture is a physical quality, as well as fissures and 

the loose materials found at the research location (Teh 

et al., 2023). The chemical features include the 

mineralogical content influenced by the rapid 

occurrence of the weathering process (Pandarinath, 

2022). Furthermore, the altered material contains CL 

minerals namely smectite, illite, quartz, etc 

(Weisenberger et al., 2020; González-Partida et al., 

2022), leading to the formation of a pseudo-sliding 

plane. The characteristics of a super thick material 

layer that can form a pseudo-sliding plane include CL 

texture, high CEC value, easy absorption of water and 

low resistivity value (Purnamasari et al., 2024). 

A specific finding of this research is the 

identification of layers in unconsolidated super thick 

material. The finding differs from previous recent 

investigations that adopted seismic refraction 

methods. Table 3 shows the differences between the 

present findings and past research. Meanwhile, layers 

of super thick material interpreted in detail at deep 

landslide locations are critical for environmental 

management. The combination of subsurface, and 

surface mapping, as well as direct field observation is 

a research method that integrates numerous scientific 

disciplines. 

Table 3. Previous research that used seismic refraction method 

Tittle Research result 

Engineering geotechnical evaluation of soil for foundation 

purposes using shallow seismic refraction and MASW in 

15th Mayo, Egypt. 

Subsurface mapping with massive materials for building construction 

(Mohammed et al., 2020). 

Landslide monitoring using seismic refraction tomography - 

The importance of incorporating topographic variations.  

Determination of the near-surface soil layer below landslide with a 

thin soft layer (Whiteley et al., 2020). 

Electrical resistivity and refraction seismic tomography in 

the detection of near-surface Qadimah Fault in Thuwal-

Rabigh area, Saudi Arabia. 

Subsurface identification of structures such as faults (AlQahtani et 

al., 2021). 

Determination of Weathered Layer Thickness Around the 

Landslide Zone using Seismic Refraction Method. 

The refraction method used was simple, only two layers were 

obtained, namely weathered and massive (Hadi et al., 2021). 

Application of combined electrical resistivity tomography 

(ERT) and seismic refraction tomography (SRT) methods to 

investigate Xiaoshan District landslide site Hangzhou, 

China. 

The slip interpretation of landslide area with contact boundary 

characterized by clearly thin weathered material (Imani et al., 2021b). 

8
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Table 3. Previous research that used seismic refraction method (cont.) 

Tittle Research result 

Assessment of spatiotemporal changes in water contents of 

landslide zone by geophysical methods: a case study. 

Integration of geological and geophysical data to determine water 

content under landslide (Imani et al., 2021a). 

Characteristics and rippability conditions of near-surface 

lithologic units (Penang Island, Malaysia) derived from 

multimethod geotomographic and geostatistics models. 

Subsurface ground water and infrastructure (Akingboye and Bery, 

2022). 

Hydromechanical assessment of a complex landslide 

through geophysics and numerical modeling toward an 

upgrade for the Villerville landslide (Normandy, France). 

Identify the subsurface geology of landslide on a large scale enabling 

the visibility of the structural extent (Thirard et al., 2022). 

Integrated analysis of geophysical methods for slope failure 

characterization. 

Geophysical method for measuring the subsurface characterized by 

the massive nature, creep landslide type, and rock borders found in 

the research area (Zakaria et al., 2022). 

Identification of surface layer structure using seismic 

refraction for landslide reduction in Tandikek region, West 

Sumatra Indonesia. 

The simple seismic method was used to obtain two layers with clear 

boundaries between the weathered and massive layers (Draini et al., 

2023). 

Integrated geophysics for investigation of landslide-affected 

site located near Alemketema Town, Central Ethiopia. 

Large-scale subsurface mapping showed massive rock layers (Genetu 

and Mewa, 2023). 

Landslide assessment through integrated geoelectrical and 

seismic methods a case study in Thungsong Site, Southern 

Thailand. 

Subsurface mapping of landslide area containing massive material, 

distinguished by three layers with thin weathered material, in 

addition, sandstone was found at a depth of less than 5 m (Sujitapan 

et al., 2024). 

3.2 Hazard environment management 

Data on thickness and depth of subsurface 

layers are useful for managing the environment around 

the landslide. Different Vp values representing 

material density were found in layers determined by 

seismic refraction measurements. This parameter is 

related to porosity, which was used to determine 

whether fluids such as water could easily pass through 

the material (Schaetzl and Anderson, 2005). 

Additionally, porosity is also associated with the 

vegetation on the surface (Birkeland, 1984), including 

the type of roots, as well as the appropriateness to the 

properties of the deposited material (Purwaningsih et 

al., 2020). Direct field observations showed that the 

vegetation type commonly found around landslide was 

characterized by tap roots and fibers. Therefore, the 

reinforcement of soil by roots is a complex synergy of 

root-soil me- chanical properties, and morphology, 

including plant-induced alterations, leading to a 

considerable enhancement in slope stability (Lann et 

al., 2024). 

Direct field observations were also used to 

identify the environment around landslide. Based on 

Figure 8, the area surrounding landslide was 

characterized by mixed vegetation, rice fields, and 

settlements, found in elevated position above 

landslide. Meanwhile, the rice fields were located 

below the landslide (Figure 8). Settlements, rice fields 

and mixed vegetation exposed lands to this natural 

disaster. 

Some causes of landslide are sedimentary 

material characterized by low density (not massive), 

thick material deposits, sliding plane, varying surface 

undulations that tend to be steep and high rainfall 

(Jäger et al., 2013; Chae et al., 2017; Abdullah et al., 

2020). Furthermore, the rainfall were projected and 

used to evaluate subsequent alterations in landslide 

susceptibility, and the frequency of these events 

exceeded the empirical thresholds (Lin et al., 2022). 

The sliding plane was identified based on the layers 

resulting from the interpretation of geophysical 

measurements. The morphology was determined by 

directly observing the location of settlements and rice 

fields on undulating land. 

Based on this perspective, an increase in 

population growth, enlarges the settlement area. 

Furthermore, the surrounding area of landslide tends 

to be affected by the increasing quantity of 

settlements. Land used as settlement may be 

vulnerable or have an impact on existing landslide 

(Servanzi et al., 2023). The material deposits 

underneath will also be affected by water from 

household waste. When this wastewater directly enters 

the sedimented material or soil, it tend to hinder 

vegetation growth. Many fruit plants with mixed 

vegetation in Ngasinan do not bear fruit even though 

the plants are healthy, due to the inappropriate 

chemical content of the soil (Birkeland, 1984). In 

addition, non-fruiting of local vegetation has an 

economic impact on the community.

9
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Figure 8. The surrounding environment of landslide 

Landslide risk reduction depends on the 

perceptions of local communities in the affected areas, 

which is closely associated with the economic and 

social conditions (Qasim et al., 2018). Ngasinan 

people were unable to understand the 

geomorphological or subsurface conditions of the 

region. It is necessary to provide advice regarding 

proper land management to reduce or control the 

impact of landslide. Pipes or similar instruments must 

be used to convey the management of domestic waste 

flows. Furthermore, waste management needs to be 

carried out to prevent garbage from entering the soil or 

material deposits directly. Appropriate land 

management on slopes prone to landslide also needs to 

be conveyed to Ngasinan community, specifically 

those whose homes are located in landslide-prone 

locations. Land management can be started by 

planting vegetation that suits the characteristics of the 

subsurface material, and cuts on steep slopes also need 

to be minimized. Appropriate land use such as 

afforestation, reforestation, and proper agricultural 

practices can help stabilize slopes, reducing the risk of 

landslide (Poddar and Roy, 2024). Therefore, 

comprehending the connection between land use and 

land cover alterations, as well as the vulnerability to 

landslide is crucial in managing the risk of this disaster 

in mountainous regions (Poddar and Roy, 2024). 

4. CONCLUSION

In conclusion, seismic refraction data were used 

to identify subsurface layers that extend to a depth of 

approximately 25 to 30 m. Layers with varying Vp 

values were observed in 2D seismic refraction section 

showing dissimilar material layering. TS, CL, WB, 

and TB constituted the four major layers, arranged 

from top to bottom (surface). TS, CL, WB, and TB 

layers had Vp values in the range of 150-600 m/s, 

600-1,200 m/s, 1,200-1,800 m/s, and greater than 

10
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1,800 m/s, respectively. Landslide minimization or the 

investigation of control methods was enhanced by the 

subsurface interpretation of seismic data. The 

selection of appropriate vegetation, an environmental 

management method helped prevent landslide. 

Determining the type of vegetation also required data 

on the characteristics, both physical and chemical 

properties of soil. Managing household waste and 

reducing the cutting of steep slopes should be 

performed to reduce the risk of landslides. The results 

proved effective for future research on landslide 

minimization applications. Additionally, the layering 

and thickness of the material could serve as a 

reference. In future research, ERT and other 

geophysics method should be used on all trajectories. 
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Understanding drought propagation is essential for effective water resource 

management. This study employs an innovative approach to examine the 

transition from meteorological drought (MD) to hydrological drought (HD) in the 

Upper Nan Watershed (UNW), Thailand, using the standardized precipitation 

evapotranspiration index (SPEI) and standardized streamflow index (SSI). Cross-

wavelet transform (XWT) and Pearson’s correlation analyses reveal a significant 

positive correlation between MD and HD, with the drought propagation time 

(DPT) ranging from 2 to 5 months, notably shorter during the dry season. The 

eastern UNW (Zone I) has the longest DPT, while the western UNW (Zone III) 

has the shortest. This study is distinguished by its integration of global 

teleconnection factors, such as El Niño-Southern Oscillation (ENSO), the Dipole 

Mode Index (DMI), and Pacific Decadal Oscillation (PDO), alongside local 

factors like climate, slope, and watershed morphometry. This dual focus provides 

a comprehensive analysis of drought dynamics, enhancing the understanding of 

drought propagation and its complexities. The integration of global and local 

influences provides insights applicable across diverse water resource 

management contexts. It highlights the critical role of forests in regulating water 

flow and extending the DPT, emphasizing the need for forest conservation and 

land use regulation in the headwaters. Despite challenges associated with 

highland meteorological data, findings offer improvements to existing drought 

monitoring and early warning systems, underscoring the importance of 

combining global and local factors in effective drought management strategies.  
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1. INTRODUCTION

Drought, characterized by insufficient rainfall, 

leads to significant water shortages that affect 

agriculture, the environment, and society and result in 

substantial economic losses (Dalezios et al., 2012). 

The types of drought include meteorological drought 

(MD), agricultural drought, hydrological drought 

(HD), and socioeconomic drought, occurring when 

water supply fails to meet demand (Abbas and Kousar, 

2021). Understanding the transition from MD to HD 

is critical for water resource management. However, 

previous studies have not explored the combination of 

global and local factors affecting drought propagation, 

especially in the context of Thailand’s Upper Nan 

Watershed (UNW). This study bridges that gap by 

offering an innovative and detailed analysis of the 

dynamics between global teleconnection factors and 

local watershed conditions to predict drought 

propagation. 

Previous studies have explored drought 

propagation, with Ding et al. (2021a) finding stronger 

propagation from agricultural drought (AD) to HD in 

northern China during summer and autumn; Huang et 

al. (2017) noting a time lag between MD and HD in 

the Wei River Basin, influenced by atmospheric 

anomalies such as El Niño-Southern Oscillation 

(ENSO) and Arctic Oscillation (AO); and Gu et al. 

(2020) showing that droughts increase in duration and 

severity as they propagate, particularly in the Yangtze 

and Yellow River basins. This research contributes to 

Citation: Satriagasa MC, Tongdeenok P, Kaewjampa N. Analyzing drought propagation and its influential factors in the Upper Nan Watershed, 
Thailand. Environ. Nat. Resour. J. 2025;23(1):14-27.   (https://doi.org/10.32526/ennrj/23/20240202)
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the field by focusing on the UNW, a drought-prone 

area in Thailand where the specific dynamics of MD-

to-HD propagation are not yet well understood. 

Climate change intensifies droughts, affecting water 

availability and agricultural productivity (Wan et al., 

2018; Xu et al., 2019). Land use changes such as 

deforestation and urbanization worsen drought 

impacts by disrupting hydrological cycles and 

reducing water retention (Fedele et al., 2018). 

The UNW in northern Thailand flows from north 

to south, merging with the Wang, Ping, and Yom 

Watersheds to form the Chao Phraya Watershed. This 

study presents an innovative approach by examining 

the spatiotemporal mechanisms of drought propagation 

in the UNW and identifying the factors affecting the 

drought propagation time (DPT). This novel 

combination of global factors (e.g., ENSO, DMI, and 

PDO) with local conditions such as topography and 

land use provides a fresh perspective on drought 

management. Using the SPEI, the SSI, cross-wavelet 

transform (XWT), and Pearson’s correlation analyses, 

this research aims to improve drought monitoring and 

early warning systems. The findings will inform land 

use policies and forest conservation to reduce the socio-

economic impacts of drought in the UNW and similar 

watersheds, delivering insights for enhancing integrated 

drought management strategies globally. 

2. METHODOLOGY

2.1 Study area

This study was conducted in the Upper Nan 

Watershed (UNW) in northern Thailand; it spans the 

coordinates 18°27′55.72″ N to 19°38′26.97″ N and 

100°21′39.14″ E to 101°21′7.52″ E, covering an area of 

4,588.4 km² (Figure 1). The UNW experiences a dry 

season (January to March and November to December) 

with 9.7 to 64.4 mm of rainfall and a wet season (April 

to October) with 102.7 to 269 mm, often receiving 

rainstorms from the South China Sea during the 

northeast monsoon. The landscape includes hilly 

upstream and midstream regions and low-lying flatland 

downstream, where the town of Nan is located. The 

headwaters are critical due to the thin soil from 

intensive erosion on steep slopes, which limits moisture 

retention and increases drought susceptibility. 

Agriculture is vital in the UNW, with rice and maize 

being the primary crops. Forests have been cleared for 

maize cultivation due to its higher economic returns, 

leading to reduced soil moisture retention, increased 

runoff, and soil erosion, heightening drought 

vulnerability (Paiboonvorachat and Oyana, 2011). The 

region heavily relies on agriculture, stressing water 

resources and necessitating sustainable management 

for long-term environmental and economic stability 

(Plangoen and Babel, 2014; Satriagasa et al., 2023). 

Figure 1. Map of Upper Nan Watershed 
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2.2 Data collection 

Several types of data were used in this study, 

detailed in Table 1. 

The data used in this study span the period from 

2000 to 2020, covering 21 years. While a 30-year or 

longer time series is generally recommended for 

calculating drought indices to better assess long-term 

trends, the selection of this period was driven by 

several key considerations. 

First, data availability was a significant factor. 

Reliable and continuous meteorological and 

hydrological data, particularly for highland areas 

within the Upper Nan Watershed, only became 

consistently available in 2000. Prior to this, there were 

substantial gaps in the dataset, which could have 

introduced uncertainty and reduced the accuracy of the 

drought index calculations. 

Second, the selected period provides consistent 

and continuous datasets for both meteorological and 

hydrological parameters, ensuring the reliability of the 

cross-wavelet transform (XWT) and Pearson’s 

correlation analyses performed in this study. 

Extending the dataset beyond 2000 would require 

incorporating older, inconsistent data that could 

negatively affect the robustness of the results. 

Table 1. Data used in this study, period, and data source 

No Data Period Source 

1 Rainfall data from CHIRPS imagery 2000-2020 Climate Hazard Center UC Santa Barbara 

(https://chc.ucsb.edu/data/chirps) 

2 Air temperature data from ERA5 imagery 2000-2020 Copernicus (https://cds.climate.copernicus.eu/), acquired in 

Google Earth Engine  

3 Sea surface temperature (SST) data 2000-2020 Physical Science Laboratory of the NOAA 

(https://psl.noaa.gov/gcos_wgsp/Timeseries/) 4 Dipole mode index (DMI) data 2000-2020 

5 Pacific decadal oscillation (PDO) data 2000-2020 National Center for Environmental Information of the 

NOAA(https://www.ncei.noaa.gov/access/monitoring/pdo/) 

6 Streamflow data 2000-2020 Observed streamflow data from Thailand Royal Irrigation 

Department (RID) (https://www.hydro-1.net/), SWAT-

modeled streamflow from (Satriagasa et al., 2023) 

7 Hansen Global Forest Change 2000-2020 Hansen et al. (2013) 

8 DEM SRTM 30 m - USGS (https://www.usgs.gov/) 

Finally, this period captures recent climate 

trends, particularly the increasing frequency and 

intensity of drought events influenced by global 

teleconnection factors such as ENSO, the DMI, and 

PDO. Focusing on the period from 2000 to 2020 

allows for a more relevant assessment of recent 

drought propagation dynamics and provides insights 

that are applicable to current and future drought 

management strategies. 

For rainfall data, this study used CHIRPS 

satellite-based precipitation estimates from the 

Climate Hazard Center at UC Santa Barbara. While 

CHIRPS provides extensive spatial and temporal 

coverage, we did not conduct a formal validation 

process comparing CHIRPS data to local 

measurements. However, CHIRPS has been widely 

used and validated in similar regions, including 

Southeast Asia, for its ability to represent precipitation 

patterns and drought conditions. Although satellite-

based estimates have limitations, they offer significant 

advantages in areas such as the Upper Nan Watershed, 

where ground-based meteorological stations are 

sparse. 

In choosing CHIRPS data, we balanced data 

consistency and availability with the need to capture 

relevant drought events and climatic trends during the 

study period. Future studies could enhance these 

findings by conducting additional validations with 

local rainfall measurements. 

While a longer time series would be ideal for 

long-term trend analysis, the 21-year period used in 

this study represents a balance among data quality, 

consistency, and relevance to the changing climatic 

conditions in the region. 

2.3 Drought indices 

2.3.1 Standardized precipitation evapo-

transpiration index (SPEI) 

The standardized precipitation evapo-

transpiration index (SPEI) is widely used for detecting 

meteorological drought (MD). As proposed by 

Vicente-Serrano et al. (2010), it incorporates 

temperature-induced evapotranspiration with rainfall, 
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enhancing drought detection accuracy. The SPEI 

calculation involves computing the difference 

between precipitation (P) and potential 

evapotranspiration (PET) for each month (Equation 

1), aggregating these values over different timescales 

(1 to 12 months), fitting the accumulated values to a 

log-logistic probability distribution (Equation 2), and 

converting them into a standardized index with a mean 

of zero and a standard deviation of one (Equation 3). 

This study used the SPEI to assess MD in the UNW 

from 2000 to 2020 over 1- to 12-month periods, with 

calculations performed using the SPEI package in 

RStudio for rapid, accurate, and reliable results. 

D = P − PET  (1) 

F(x) =
1

1+ (
α

x−γ
)

β  (2) 

SPEI =  
W − μ

σ
 (3) 

Where; F(x) is the cumulative probability, x is 

the water balance, and α, β, and γ are the scale, shape, 

and location parameters, respectively; W is the log-

logistically normalized water balance, μ is the mean, 

and σ is the standard deviation. 

2.3.2 Standardized streamflow index (SSI) 

The standardized streamflow index (SSI) 

captures hydrological drought (HD) by analyzing 

streamflow discharge. On the basis of monthly 

streamflow data modeled using the soil and water 

assessment tool (SWAT) for the period from 2000 to 

2020, the SSI was calculated for the Upper Nan 

Watershed (UNW) following the standardized 

precipitation index (SPI) method. The steps include 

collecting monthly streamflow data, aggregating it 

over the chosen timescale, normalizing it to a 

probability distribution (typically log-normal), and 

standardizing it to a mean of zero and standard 

deviation of one, resulting in SSI values (Equation 4). 

SSI =  
Q − μ

σ
(4) 

Where; Q is the monthly streamflow value, μ is 

the mean of the streamflow over the reference period, 

and σ is the standard deviation of the streamflow. 

The SWAT model was run with a warm-up 

period from 1980 to 1984 to initialize the model. 

Calibration was conducted for 1985 to 2005 and 

validation for 2006 to 2020 using observed streamflow 

data from the Thailand Royal Irrigation Department 

(RID). The model’s performance was assessed using 

the Nash-Sutcliffe Efficiency (NSE), the ratio of the 

root-mean-square error to the standard deviation 

(RSR), and the Kling-Gupta Efficiency (KGE). The 

calibration results showed an NSE of 0.83 (very good), 

an RSR of 0.59 (good), and a KGE of 0.45 (poor). For 

the validation period, the model achieved an NSE of 

0.87 (very good), an RSR of 0.5 (very good), and a 

KGE of 0.53 (intermediate). These results confirmed 

that the SWAT model performed well in simulating 

streamflow during both the calibration and validation 

periods, providing confidence in its reliability for 

drought analysis in the UNW. 

One month of SSI data was focused on to detect 

the propagation time from meteorological drought 

(MD) to HD using the SPEI/SPI package in RStudio.

The SSI’s reliability in hydrological drought

assessment has previously been validated in various

regions (Kartika and Wijayanti, 2023).

2.4 Drought propagation time 

The drought propagation time (DPT) was 

determined using the maximum Pearson’s correlation 

coefficient (MPCC) method. The SPEI was used to 

represent MD, and the SSI was used to represent HD. 

The MPCC—the highest Pearson correlation 

coefficient between the SPEI and SSI—then indicated 

the specific month of drought propagation. The 

MPCC values were calculated for 176 grid cells 

(each cell being 5.5 × 5.5 km) to determine the spatial 

distribution. Seasonal variations were captured by 

computing MPCC values for the entire year, dry 

season, and wet season. 

The spatial distribution of the DPT in the study 

area showed notable variation across different parts of 

the watershed. To capture these variations more 

effectively, the area was divided into four distinct 

regions based on a combination of parameters. These 

parameters included the spatial distribution of the DPT 

itself, as well as other key environmental factors such 

as slope and topography, land use patterns, and forest 

cover. Regions with steeper slopes tended to have 

faster runoff and shorter DPTs, while flatter areas 

exhibited longer DPTs. Similarly, differences in land 

use—particularly between agricultural and forested 

areas—played a role in shaping water retention and 

flow dynamics, with areas of higher forest cover 

typically experiencing longer DPTs due to their better 

water retention capabilities. Areas with significant 

deforestation, in contrast, showed quicker drought 
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propagation. By combining these factors, each of the 

four regions reflects a distinct set of environmental 

conditions that influence drought behavior. This 

classification also provides a foundation for more 

targeted, region-specific drought mitigation strategies. 

2.5 Drought propagation relationship 

The relationship between meteorological 

drought (MD) and hydrological drought (HD) was 

analyzed using cross-wavelet transform (XWT) on data 

from 25 sub-watersheds in the UNW with RStudio. 

XWT identifies phase relationships between the 

standardized precipitation evapotranspiration index 

(SPEI) and the standardized streamflow index (SSI), 

showing drought propagation over time. The analysis 

assumed stationarity in the time series data and 

significant wavelet coherence. Figure 2 details the 

XWT procedure for characterizing drought 

propagation. 

Figure 2. Procedure for characterizing drought propagation 

2.6 Factor influencing drought propagation 

Several factors influencing drought propagation 

were analyzed, including climatic, ecological, physical, 

and anthropogenic factors. The selection of El Niño-

Southern Oscillation (ENSO), the Dipole Mode Index 

(DMI), and Pacific Decadal Oscillation (PDO) as 

teleconnection indices was based on their well-

established influence on precipitation and temperature 

patterns in Southeast Asia, including Thailand. These 

indices were obtained from publicly available datasets, 

with ENSO data sourced from the National Oceanic and 

Atmospheric Administration (NOAA), DMI from the 

Physical Science Laboratory of NOAA, and PDO from 

the National Centers for Environmental Information 

(NCEI). The analysis involved correlating these 

teleconnection indices with local climate data by using 

cross-wavelet transform (XWT) to examine how 

variations in the teleconnection factors influenced 

drought propagation patterns over time. This approach 

allowed us to identify phase relationships and time lags 

between global teleconnection factors and local drought 

conditions. 

Ecological and anthropogenic factors, such as 

forest cover, forest loss, and land use, were examined 

using data from Hansen Global Forest Change (Hansen 

et al., 2013) and Google Earth Engine. Forest cover 

change and deforestation rates were spatially analyzed 

to assess their influence on water retention and drought 

propagation. This was performed by overlaying forest 

cover maps onto drought propagation data and 

identifying regions where forest loss accelerated 

drought conditions. Anthropogenic activities, including 

land use changes for agriculture, were assessed using 

land use classifications provided by national databases 

and satellite imagery, with a focus on how these 

changes disrupted hydrological cycles. 

Physical factors, including slope and watershed 

morphometry, were analyzed using high-resolution 

digital elevation models (DEMs) from the United States 

Geological Survey (USGS). A slope analysis was 

performed using ArcGIS to quantify how the 

topography influenced runoff and water retention in 

different sub-watersheds. The watershed morphometry 

was calculated using standard hydrological metrics, 

such as the drainage density, elongation ratio, and relief 

ratio, to evaluate how the physical structure of the 

watershed affected the speed and extent of drought 

propagation. These analyses provided a comprehensive 

understanding of drought propagation mechanisms in 

the UNW, integrating spatial and temporal assessments 

to determine their impacts. 

3. RESULTS AND DISCUSSION

3.1 Result

3.1.1 Drought propagation time (DPT) 

The drought propagation time (DPT) is the 

duration of the transition from meteorological drought 

(MD) to hydrological drought (HD). In this study, the
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DPT was assessed in monthly steps from 1 to 12 

months. Based on the maximum Pearson’s correlation 

coefficient (MPCC) analysis, the DPT in the Upper 

Nan Watershed (UNW) ranges from 2 to 11 months 

(Figure 3(a)). The most common DPT is 2 to 5 months, 

with a 2-month DPT covering nearly 46% of the 

UNW, primarily in the middle part of the watershed. 

Upstream areas show greater variability, with four 

months dominating the west and three months 

dominating the east. Downstream, the DPT extends to 

five months. The MPCC values ranged from 0.35 to 

0.64, indicating the strength of the relationship 

between the standardized precipitation evapo-

transpiration index (SPEI) and the standardized 

streamflow index (SSI). The highest MPCC values 

were found in the western upstream and midstream 

areas, while the rest of the watershed had low to 

medium values (Figure 4). 

Figure 3. Spatial distribution of drought propagation time in month: (a) all seasons, (b) dry season, and (c) wet season 

Figure 4. Spatial distribution of MPCC between SPEI and SSI: (a) all seasons, (b) dry season, and (c) wet season 

3.1.2 Seasonal drought propagation time 

To understand seasonal variations in the DPT, 

the standardized precipitation evapotranspiration 

index (SPEI) and standardized streamflow index (SSI) 

were analyzed for the dry (October-March) and wet 

(April-September) seasons. In the dry season, the DPT 

ranges from 2 to 7 months, with a 2-month DPT 

covering 60% of the watershed, indicating quicker 

drought propagation due to lower rainfall and higher 

temperatures. In the wet season, the DPT ranges from 
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1 to 10 months, with a 3-month DPT covering 30% of 

the watershed, suggesting that increased rainfall and 

soil moisture delay hydrological drought. The spatial 

distribution of the DPT reveals four distinct zones 

within the UNW, with MPCC values ranging from 

0.17 to 0.61 in the dry season and 0.39 to 0.69 in the 

wet season, being highest in the western watershed. 

These patterns highlight the varying influences of 

precipitation, temperature, streamflow, and soil 

moisture on drought propagation. 

3.1.3 Meteorological and hydrological drought 

relationship 

A cross-wavelet transform (XWT) analysis of 

25 SPEI and SSI dataset pairs revealed a positive 

correlation between MD and HD. Four representative 

XWT charts for the different zones show this 

correlation, with phase arrows predominantly pointing 

to the right (Figure 5). For full cross-wavelet 

transforms between SPEI and SSI, please refer to 

Figure S1 in the appendix section. 

Figure 5. The cross-wavelet transforms between SPEI and SSI of zones I to IV. The arrows indicate the relative phase relationship, with 

right-pointing arrows representing positive correlations. 

3.1.4 Factor influencing the drought 

propagation characteristics 

Several factors influence drought propagation 

in the UNW, including climatic, ecological, physical, 

and anthropogenic factors. Our analysis primarily 

focused on the spatial relationships between these 

factors and drought propagation, using tools such as 

XWT and spatial overlays, rather than conducting a 

detailed quantitative analysis to ascertain the specific 

contribution of each factor. While statistical modeling 

could provide more precise measurements of each 

factor’s impact, the current study aimed to identify and 

visualize spatial patterns that influence drought 

propagation. 

Climatic   factors,   such   as   rainfall   and   air 

temperature, and global teleconnection indices, such 

as El Niño-Southern Oscillation (ENSO), the Indian 

Ocean Dipole (IOD), and Pacific Decadal Oscillation 

(PDO), significantly impact the region’s water 

balance. El Niño phases reduce rainfall and raise 

temperatures, exacerbating drought conditions, while 

La Niña phases increase rainfall, mitigating drought. 

Similarly, positive IOD phases and warm PDO phases 

reduce precipitation and increase temperatures, 

worsening drought, while negative IOD and cool PDO 

phases alleviate drought. The temporal (Figure 6(a)) 

and spatial (Figure 7) rainfall patterns illustrate how 

these teleconnection factors affect the UNW’s water 

balance by influencing the timing and severity of 

drought propagation. 
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Figure 6. Temporal rainfall pattern of UNW: (a) annual and (b) monthly 

Figure 7. Spatial distribution of (a) annual rainfall and (b) average annual air temperature in the UNW 
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The annual rainfall in the UNW varies, with 

mountainous areas receiving over 1,600 mm and 

lowland areas near the outlet receiving 1,400-1,500 

mm. The average temperatures range from 21°C

upstream to 25°C downstream. Teleconnection factors

such as ENSO, the DMI, and PDO exacerbate drought

conditions. Understanding these factors is crucial for

effective water management and climate adaptation.

The XWT analysis showed significant negative

correlations between all teleconnection factors,

rainfall, and evaporation in the UNW (Figure 8).

Ecological factors, such as forest cover and 

forest loss, also play a critical role in regulating water 

retention and drought propagation. As shown in Figure 

9(a), Zones I, II, and III have high tree cover with low 

forest loss, which helps delay drought propagation, 

while Zone IV, with extensive forest loss and dryland 

farming, experiences faster drought propagation. 

Although our analysis effectively highlights these 

spatial patterns, further quantitative analyses of the 

specific contributions of these factors could be 

explored in future studies. 

The slope and watershed morphometry affect 

the DPT, with gentler slopes retaining water for longer 

and steep slopes causing rapid runoff (Figure 9(b)). 

Table 2 provides the detailed morphometric 

characteristics of selected sub-watersheds within the 

UNW, highlighting key metrics such as the maximum 

stream order (MSO), drainage density (DD), 

circulatory ratio (CR), elongation ratio (ER), and relief 

ratio (RR). These metrics help to explain why certain 

sub-watersheds, such as SW13, are highly prone to 

drought: their high relief ratio and low drainage 

density accelerate runoff and reduce water retention. 

For full Upper Nan Watershed morphometry, please 

refer to Table S1 in the appendix section. 

In contrast, sub-watersheds such as SW15 and 

SW25 have gentler slopes, lower relief ratios, and 

better water retention capabilities, making them less 

prone to HD. Understanding these morphometric 

differences are crucial in determining how the 

physical characteristics of the watershed influence 

drought vulnerability and propagation, as reflected in 

the DPT across the various sub-watersheds. These 

physical characteristics were analyzed using DEMs 

and other spatial analysis techniques. While the spatial 

analysis effectively highlighted these relationships, a 

more detailed quantitative analysis of the specific 

contributions of each factor could be explored in 

future studies to provide a clearer understanding of the 

factors’ impacts on drought propagation. 

Figure 8. The cross wavelet transforms between (a) ATE and ENSO, (b) ATE and DMI, (c) ATE and PDO (d) rainfall and ENSO, (e) 

rainfall and DMI, and (f) rainfall and PDO. 
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Figure 9. Ecological and anthropogenic factors: (a) tree cover and forest loss, (b) slope, and (c) land use 

Table 2. Upper Nan Watershed morphometry 

Sub-W MSO DD CR ER RR 

13 2 0.32 0.23 0.63 95.8 

14 3 0.49 0.10 0.62 81.7 

15* 4 0.28 0.24 0.57 34.6 

25* 5 0.35 0.18 0.59 13.7 

Note: MSO, maximum stream order; DD, drainage density; CR, circulatory ratio; ER, elongation ratio; RR, relief ratio; *, lowest. 

3.2 Discussion 

3.2.1 Correlation between meteorological and 

hydrological drought 

Our analysis revealed a significant positive 

correlation between MD and HD in the UNW, with the 

strongest correlation observed during the wet season. 

This finding aligns with the results of previous studies, 

such as the works by Huang et al. (2017) and Xu et al. 

(2021) in China, which identified similar patterns 

between MD and agricultural drought. 

The identified DPT in the UNW ranges from 2 

to 11 months, with a predominant period of 2 to 5 

months. This range aligns with those found in previous 

studies in Asian regions, highlighting similarities and 

nuanced differences. For instance, Li et al. (2022) 

reported DPTs in the Arid Region of Northeast Asia 

(ARNA) of 1-3 months in summer and autumn and 5-

12 months in spring and winter. The shorter DPTs in 

summer and autumn align with the findings for the 

UNW during the wet season, while the longer DPTs in 

the ARNA reflect its extreme climatic conditions. 

Ding et al. (2021b) observed a DPT range of 1-12 

months across their study area in China, reflecting 

diverse local conditions similar to those in the UNW. 

Luo et al. (2023), in the neighboring Lancang-Mekong 

River Basin, found DPTs of 2-11 months with a 

predominant period of 2-5 months; considering the 

similar climatic conditions, their result reinforces our 

findings for the UNW. While the similar lag times 

between the UNW and other watersheds can be 

attributed to common monsoon patterns, local factors 

such as the soil characteristics, land use, and 

watershed morphometry lead to differences in specific 

DPT values. Understanding these nuances is crucial 

for developing effective, region-specific drought 

management strategies. 

   (a) (b) (c) 
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The similar lag times between the UNW and 

other watersheds are due to common regional climatic 

patterns and monsoon-influenced hydrological 

processes. However, local factors such as soil 

characteristics, land use, and watershed morphometry 

cause differences in the specific DPT values. For 

instance, the ARNA’s extreme climatic conditions 

result in greater seasonal DPT variations compared to 

the more stable UNW. Understanding these nuances is 

crucial for tailoring region-specific drought 

management strategies. 

The transition from MD to HD is driven by 

several mechanisms: 

Soil moisture depletion: During periods of 

reduced rainfall (MD), soil moisture decreases 

significantly, leading to reduced groundwater recharge 

(Cao et al., 2016; Khaki et al., 2018). This depletion 

of soil moisture affects surface water flow, 

contributing to the onset of HD. 

Evapotranspiration: High temperatures 

associated with MD increase evapotranspiration rates, 

further depleting soil moisture and reducing surface 

water availability (Condon et al., 2020; Vahmani et al., 

2021). This accelerated loss of water from the soil and 

water bodies intensifies HD conditions. 

Runoff reduction: Reduced rainfall during MD 

leads to decreased runoff into rivers and streams (Bai 

et al., 2023; Nippgen et al., 2016). With less water 

entering the watershed’s hydrological system, 

streamflow diminishes, exacerbating HD. 

These mechanisms collectively explain the 

observed correlation between MD and HD and the 

identified DPTs in the UNW. Understanding these 

processes is crucial for effective drought management 

and mitigation strategies. 

3.2.2 Influence of global and local climatic 

factors 

This study highlights the significant impact of 

global teleconnection factors, such as ENSO, DMI, 

and PDO, on drought conditions in the UNW. Our 

XWT analysis showed a statistically significant 

negative correlation between these factors and both 

rainfall and evaporation. Ueangsawat and Jintrawet 

(2013) also noted ENSO’s influence on short-term 

rainfall patterns in northern Thailand. However, the 

UNW’s mountainous location may lessen the overall 

effect of these factors. Local climatic factors, 

particularly rainfall, have a more substantial impact on 

the DPT than air temperature. Higher-rainfall areas 

tend to have a decreased DPT, supporting Luo et al.’s 

(2023) findings that lower rainfall correlates with 

shorter DPTs. The lack of a consistent spatial pattern 

between the air temperature and DPT may be due to 

the coarse resolution of ERA5 satellite imagery, 

indicating a need for higher-resolution data to better 

understand these dynamics. 

3.2.3 Role of physical and ecological factors 

Physical characteristics such as the slope and 

watershed morphometry significantly influence the 

DPT. Zones with steep slopes and thin soils, such as 

Zone III, exhibit shorter DPTs (1-2 months) due to 

their rapid runoff and limited water retention. 

Conversely, zones with gentler slopes and better soil 

retention, such as Zone I, show longer DPTs, as water 

is retained for longer, delaying the transition from MD 

to HD. This aligns with results from Lin et al. (2023), 

who found that steep slopes accelerate drought 

propagation by facilitating rapid water movement and 

reducing infiltration. Factors such as the drainage 

density and watershed shape also play crucial roles, 

with more compact and better-draining watersheds 

experiencing faster drought propagation due to their 

efficient water conveyance. 

Ecological factors, particularly forest cover, 

play a complex role in drought dynamics. High 

evapotranspiration rates in forests can lead to shorter 

DPTs, but forests also provide water regulation 

services that can extend DPTs. Studies by Ding et al. 

(2021c) and Tarigan et al. (2018) supported the 

assertion that forests enhance base flow and reduce 

runoff velocity, mitigating the impacts of drought. 

Forested areas tend to have longer DPTs due to their 

improved soil moisture retention and slower runoff, 

while regions with significant forest loss exhibit 

shorter DPTs due to their faster runoff and lower 

groundwater recharge. These findings indicate that 

areas with higher forest cover and lower forest loss, 

such as Zones I, II, and III, experience longer DPTs 

than areas with significant forest loss, such as Zone IV. 

3.2.4 Impact of anthropogenic activities 

Human activities such as dryland farming and 

deforestation exacerbate drought by reducing DPTs. In 

Zone IV, extensive dryland farming and significant 

forest loss have led to shorter DPTs, contrasting with 

studies highlighting forests’ role in water retention. 

Zone III’s agricultural practices further intensify 

drought conditions. Yang et al. (2023) found that 

reservoir regulation reduced the likelihood of 

meteorological droughts becoming hydrological by 
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16% and decreased the duration and severity of long-

lasting hydrological droughts by 18% and 37%, 

respectively. Li et al. (2021) reported that human 

activities influence seasonal drought dynamics, 

especially in winter, alleviating hydrological drought 

severity. Shah et al. (2021) noted that intensive 

irrigation, reservoir storage, and groundwater pumping 

in India significantly impact agricultural and 

hydrological droughts. Wang et al. (2021) observed that 

high percentages of cropland shorten the DPT due to 

increased water consumption. In the Upper Nan 

Watershed, deforestation and dryland farming in Zone 

IV have led to shorter DPTs, in accordance with Wang 

et al.’s (2021) findings, while the extensive agricultural 

practices in Zone III align with Shah et al.’s (2021) 

observations. These studies highlight the significant 

impact of human activities on DPTs and underscore the 

importance of sustainable practices to mitigate drought 

in regions such as the Upper Nan Watershed. 

3.2.5 Practical implication and future research 

Understanding DPTs in the UNW is crucial for 

effective water management and climate adaptation. 

Maintaining forest cover and regulating land use are 

vital for mitigating drought impacts, while sustainable 

agriculture and forest conservation enhance resilience. 

The study provides valuable insights but has its 

limitations, including the coarse ERA5 satellite 

imagery resolution and a focus on general patterns that 

may overlook fine-scale climatic variations. The 

findings could be further refined by including soil 

properties, groundwater dynamics, and detailed land 

use data. 

Additionally, the use of the soil and water 

assessment tool (SWAT), a semi-distributed 

hydrological model, imposes limitations on capturing 

the spatial heterogeneity of regional moisture at a fine 

scale. Since the SWAT operates on hydrological 

response units (HRUs) rather than individual grid 

cells, it does not fully account for moisture variability 

across different spatial regions. Future studies could 

consider using fully distributed models such as the 

Variable Infiltration Capacity (VIC) model, which 

provides a higher spatial resolution and better captures 

moisture dynamics. This could improve the accuracy 

of drought simulations and allow for a more detailed 

understanding of spatial variability in moisture and 

water retention across the watershed. 

The maximum Pearson’s correlation coefficient 

(MPCC) may not fully capture non-linear 

relationships between meteorological and 

hydrological droughts, and model calibration could 

affect the accuracy. Deeper analyses are required to 

examine specific land use changes and agricultural 

practices, and findings specific to the UNW may not 

be generalizable to other regions. 

Policymakers should focus on forest 

conservation, sustainable land use, adaptive 

agriculture, and efficient water management 

strategies, while considering regional and seasonal 

DPT variability. An understanding of global 

teleconnection factors and local climatic conditions 

can inform climate adaptation strategies. Integrated 

watershed management, robust drought monitoring, 

community engagement, and policy coordination are 

essential for comprehensive drought management, 

enhancing water security, and building resilience in 

the UNW and similar regions. 

4. CONCLUSION

This study provides insights into the transition 

from meteorological drought (MD) to hydrological 

drought (HD) in the Upper Nan Watershed (UNW), 

Thailand, using the SPEI, the SSI, cross-wavelet 

transform (XWT), and Pearson’s correlation analyses. 

A positive correlation between MD and HD was 

found, with drought propagation times (DPTs) that 

ranged from 2 to 5 months and were shorter during the 

dry season. Zones with high tree cover and low forest 

loss exhibited longer DPTs, while areas with 

significant deforestation and dryland farming had 

shorter DPTs, highlighting the impact of land use on 

drought severity. These results underscore the need for 

reforestation, sustainable forest management, and 

water-efficient agricultural practices to enhance water 

retention and reduce drought severity. Land use 

regulations must be implemented to prevent 

deforestation and conserve critical watershed areas. 

Future research should use higher-resolution data, 

explore soil properties, and establish long-term 

monitoring programs. Policymakers should integrate 

these findings into their decision making, prioritize 

comprehensive drought management plans, and invest 

in data collection and analysis infrastructure to 

enhance drought resilience, mitigate socio-economic 

impacts, and promote sustainable development in the 

UNW and similar regions. 
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Remote sensing constitutes a broad and influential discipline that has assumed a 

significant role in vegetation mapping on a global scale in recent years. The 

availability of an accurate vegetation map assists future ecological studies and 

the management of protected areas. This study was conducted to identify and map 

the available habitats in Kumana National Park (KNP), Sri Lanka. We utilized 

multiple environmental covariates obtained via field surveys and remote sensing 

techniques for the initial categorization of habitats based on principal component 

analysis. Vegetation maps for KNP were generated by applying multiple 

classification algorithms to Sentinel 2 multispectral satellite imagery. The 

maximum likelihood classification (MLC) model generated the most accurate 

and detailed vegetation map for KNP, which was verified with ground truth data 

(overall accuracy of 93%; Kappa, 87%). The study’s findings furnish precise 

insights into the vegetation cover of KNP, thereby augmenting knowledge on the 

spatial distribution of habitats to support the future work of researchers and park 

managers. This map offers significantly improved resolution and spatial detail 

compared to previous maps. It also increased the number of identified habitat 

types from four to six. These findings can be used to identify critical areas for 

both terrestrial and aquatic fauna within KNP and support habitat conservation 

and management strategies in the park. 
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1. INTRODUCTION

Vegetation is an attribute that describes the land 

use on Earth (Roy et al., 2015). Remote sensing has 

been important in vegetation mapping for the past few 

decades (Langley et al., 2001; Raynolds et al., 2019; 

Schindler et al., 2021; Mucsi and Bui, 2023). Past 

studies have been conducted to evaluate National Park 

vegetation to assess the land cover (Brown de 

Colstoun et al., 2003; Jiménez and Díaz-Delgado, 

2015; Martinez del Castillo et al., 2015; Urban et al., 

2018). These vegetation maps categorize the different 

types of vegetation that play a vital role in managing 

natural resources (Xiao et al., 2004), evaluating land 

use changes and management (Beuchle et al., 2015) 

and contributing to the conservation measures by 

generating remote sensed vegetation maps (Rose et al., 

2015). The main goal of vegetation categorization is 

to group plant communities assumed to be similar, 

making it easier to describe the vegetation patterns in 

a particular geographic area. Traditional methods such 

as field surveys, literature studies, map interpretation, 

and collateral and supplementary data analysis are 

ineffective for acquiring vegetation cover when 

compared to novel remote sensing techniques due to 

the long-time consumption and frequently high cost 

(Xie et al., 2008). Moreover, the development and 

availability of various land use classification 

algorithms and models have made remote sensing 

techniques more versatile in this aspect (Otukei and 

Blaschke, 2010; Rodriguez-Galiano et al., 2012; 

Lyons et al., 2018; Mercier et al., 2019). 

Remote sensing-based vegetation classification 

can be identified as the most effective method for 

generating habitat maps for larger protected areas 

where ground access is often restricted. There are 

several remote sensing approaches initiated for habitat 

Citation: Rodrigo P, Gunathilaka C, Jayasekara D, Mahaulpatha D. Habitat categorization and vegetation mapping of Kumana National Park, Sri 

Lanka. Environ. Nat. Resour. J. 2025;23(1):28-39.  (https://doi.org/10.32526/ennrj/23/20240104)
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mapping in Sri Lanka (Dahdouh-Guebas et al., 2000; 

Nandasena et al., 2023), and this technology has been 

utilized for forest management and monitoring since 

(Jewell and Legg, 1993). However, only a handful of 

studies are available where in-depth analyses have 

been conducted regarding the vegetation classification 

and habitat mapping using remote sensing methods 

restricted to several protected areas, such as Wilpattu 

(Sandamali and Welikanna, 2018), Maduru Oya 

(Jayasekara et al., 2021), Horton Plains (Jayasekara et 

al., 2021) and Udawalawe (Perera et al., 2021) 

governed by the Department of Wildlife and 

Conservation (DWC) Sri Lanka. Furthermore, we 

have observed a lack of remote sensing tools 

utilization for identifying the types of vegetation in 

national parks located in the eastern and southern 

regions due to the unavailability of ground-truth 

observed data for verification. While Jayasekara et al. 

(2021) have comprehensively illustrated a vegetation 

map for Maduru Oya, a dry zone national park located 

near the border of eastern and Uva provinces we 

observed that detailed vegetation/habitat maps are not 

available for the national parks located in eastern and 

southern regions of the island.  This motivated us to 

map the vegetation in Kumana National Park (KNP) 

located in the south-eastern dry zone of Sri Lanka 

utilizing remote sensing techniques.  

Kumana National Park is a protected area under 

the Department of Wildlife Conservation and is 

ranked sixth in terms of park area. Previously, Kasige 

et al. (2020) have identified several habitat types 

(Water bodies, Forests, Grasslands, Bare lands, and 

Coastlands) in KNP to determine the habitat cover 

change over 15 years using NDVI data. However, our 

preliminary ground observations suggested that the 

map generated by Kasige et al. (2020) needs further 

improvements to illustrate the complex vegetation of 

KNP supported by ground reference data. NDVI is a 

method mostly used for vegetation categorization as 

well as the healthiness of vegetation (Mtibaa and Irie, 

2016). The current study incorporated the NDVI to 

identify the photosynthetic (Healthy) vegetation inside 

the park. Furthermore, we incorporated the ground 

reference data, and composites of high-resolution 

multispectral satellite bands to conduct advanced 

vegetation mapping and classification. 

Two main types of classifications can be 

identified in environmental land use mapping: 

unsupervised and supervised classification (Wu, 

2018). The Maximum Likelihood Classification 

(MLC) algorithm is an effective model for the 

supervised classification technique (Ali et al., 2018; 

Navin and Agilandeeswari, 2019). However, 

vegetation mapping through Random Forest (RF) 

(Mohammadpour et al., 2022), k-Nearest Neighbours 

(kNN) (Sun et al., 2018) and Support Vector Machine 

(SVM) (Shi and Yang, 2015) have been identified as 

other alternative machine learning algorithms (Thanh 

Noi and Kappas, 2017). Forest-based classification is 

a multiple raster regression model that analyses 

multiple rasters such as NDVI along with satellite 

images while other applications are available as single 

raster models in ArcGIS Pro (ESRI, Redlands). As per 

the previous literature available for KNP, the previous 

identification of vegetation types was based on an 

unsupervised iso-cluster method (Kasige et al., 2020). 

The present study aims to categorize the 

vegetation of KNP with the highest possible spatial 

accuracy. We aim to assess the applicability and 

accuracy of multiple classification algorithm models 

to generate a detailed vegetation map for the area. Due 

to the in-depth remote sensing analysis and 

comprehensive ground truth assessment and 

verification, we are convinced that the results of our 

research would be valuable from both a remote 

sensing and ecological perspective. 

2. METHODOLOGY

2.1 Study area

The study was conducted from August 2022 to 

March 2023, for 8 months in KNP located in Ampara 

district along the southeast coast of Sri Lanka (Figure 

1). The KNP was previously designated as Yala-East 

National Park in 1970, and the present name was 

declared in 2006 (Krishan et al., 2020). The park 

spreads over an area of 35,665 ha (357 km2). KNP 

borders Kumbukkan Oya from the south and Panama-

Kudumbigala sanctuary from the north (Krishan et al., 

2020). The Kumana National Park belongs to the dry 

zone of Sri Lanka which has an altitude of the ranges 

from sea level to 90 meters. The vegetation of the park 

is mainly dry mixed evergreen forest (Figure 2), 

scrublands, and dunes (Krishan et al., 2020). The dry 

season in Kumana generally runs from February to 

September and the wet season runs from October to 

December while the mean annual temperature is 

27.30°C and the area receives 1,300 millimeters of 

annual rainfall (MoMD&E, 2016). 
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Figure 1. General map of the Kumana National Park 

Figure 2. View of Kumana National Park from the Bambaragasthalawa rocky mountain. Tropical dry mixed evergreen forest habitats 

with rocky clusters are clearly visible 

2.2 Survey for the habitat categorization 

A preliminary survey was conducted based on 

the available literature (Gunatilleke and Gunatilleke, 

1990; Gunatilleke et al., 2008; Kasige et al., 2020) to 

identify the nomenclature used for the vegetation 

types of the region. With the aid of online ArcGIS 

(Esri, Redlands, USA) base maps, the general borders 

of the major vegetation types were created on a 

physiognomic basis (Dias et al., 2004). Sampling 

quadrats of 10×10 m were selected randomly within 
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larger 2×2 km2 plots ensuring the representation of 

different habitat types within the KNP. Most of the 

sampling was conducted within the eastern region of 

the park due to the limitations in ground accessibility. 

We traversed the area by 4×4 vehicles and ground 

trekking up to six km to establish 90 quadrats. At each 

quadrat, the environmental parameters were obtained 

in a standard manner following the methods explained 

in Table 1. Principal component analysis (PCA) in R 

version 4.3.3 (R Core Team, 2024) was performed to 

create clusters of similar vegetation/land cover types. 

Table 1. Environmental covariate and the standard method 

Environmental parameter Abbreviation Standard method 

Canopy cover (%) CC CC was calculated by photo point analysis using TinEye Online Color 

Extractor and eCognition software package   

Litter cover (%) LC LC was estimated by obtaining the litter cover inside 1×1 m2 quadrats 

ocularly within a 10×10 m2 plot 

Litter depth (cm) LD LD was measured with a metal ruler within multiple 1×1 m2 quadrats 

and averaged 

Horizontal visibility (%) HV HV was measured ocularly by visualizing an object 30 m far from the 

observer in the habitat and the visibility was ranked numerically from 1 

to 10  

10=Maximum 

0=Minimum 

Ground vegetation cover (%) GV GV was estimated by observing the ground vegetation less than 10 cm 

(<10 cm) height within 10×10 m2 quadrats ocularly and averaged.  

Rock availability (%) RA RA was estimated ocularly by observing the rocks in the selected 

location using 10×10 m2 quadrats ranked 0 -10 

0=Minimum 

10=Maximum 

Canopy height (m) CH CH was measured using a Rangefinder and ranked 0 -10 

0=Minimum 

10=Maximum 

2.3 Generation of the vegetation map using 

different classification models 

Atmospherically corrected SR (Surface 

reflectance) satellite images from the Sentinel 2A 

dataset were used to determine the spatial distribution 

of habitat/vegetation types of the study site. The images 

were obtained from the Copernicus Open Access Hub 

database (https://scihub.copernicus.eu/) for the NDVI 

and vegetation analysis. Google Earth Engine (GEE) 

geospatial processing service in the Google Cloud 

Platform was used to filter the satellite images captured 

from January 1, 2018 to December 31, 2023. Cloud and 

cirrus correction were obtained using the 

“maskS2clouds” function in GEE. The mosaic function 

in Google Earth Engine (GEE) was used to combine 

multiple images into a single image using the filtered 

image collection with low cloud cover for the 

corresponding period. A multiband composite image 

was generated including the spectral bands B1, B2, B3, 

B4, B5, B6, B7, and B8. The generated multispectral 

composite image was downloaded from the GEE and 

further analyzed in Arc GIS Pro (ESRI, Redlands). 

Different band combinations such as 4,3,2 (True color), 

8,4,3 (False color infrared), 5,4,3 (Color Infrared-

Vegetation), 5,6,4 (Land/water), etc. were utilized to 

identify and gather detailed information about the 

vegetation and water areas (Mtibaa and Irie, 2016; 

Simonetti et al., 2014). The Normalized Difference 

Vegetation Index (NDVI) was used to assess the 

healthiness of the vegetation and greenness 

(Chlorophyll content). NDVI was determined using the 

formula: (NIR - Red)/(NIR + Red) where NIR and Red 

are the near-infrared and red bands respectively (Mtibaa 

and Irie, 2016). 

Before image classification, training samples 

were created using the ground observation taken from 

January 2023 to March 2023. The supplementary 

training data was obtained utilizing ArcGIS base map 

imaginary data (Esri, Digital Globe) for inaccessible 

areas and outside the eastern region of the park. Five 

different classification functions namely, Maximum 

Likelihood Classification (MLC), Random Forest 

(RF), k-nearest Neighbour (kNN), Support Vector 

Machine (SVM), and Forest Based Classification 

(FBC) algorithm were carried out (da Silveira et al., 

2022) ArcGIS Pro 3.2. The software extrapolated the 
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given ground truth data and used the supervised 

classification algorithm to create complete land 

cover/vegetation cover maps of KNP. Post-

classification processing was conducted on the 

classified images using the tools majority filter, 

boundary clean, region group, and nibble for the noise 

removal and smoothing of the generated maps. 

ArcMap area calculation option in ArcGIS Pro 3.2 was 

aided to estimate the area of each habitat category. The 

overall framework for the vegetation mapping is 

illustrated in Figure 3.  

2.4 Accuracy assessment of generated maps 

The forecasted outcomes were compared to 

ground reference data as part of an accuracy 

assessment. Observations collected on the ground and 

base-map imagery were used to verify the accuracy of 

the map. Arc Map was used to build the error matrix 

and calculate the Kappa coefficient (𝜅) (Abbas and 

Jaber, 2020), and the accuracy of generated maps 

using different models was compared to select the 

most accurate classification model.

Kappa coefficient (𝜅) = 
(TS × TCS) −  Σ(Column Total × Row Total)

(TS × TS) − Σ(Column Total × Row Total)
 × 100  (1) 

 (While; TS=total samples; TCS=total corrected samples) 

Figure 3. Overall research framework for the vegetation mapping analysis 

3. RESULTS AND DISCUSSION

3.1 Habitat categorization of KNP

The principal component analysis (PCA) 

clustered five vegetation types in KNP namely: 

Tropical dry-mixed evergreen forest, Tropical thorn 

forest (Scrubland), Dry riverine forest, Seasonal 

grassland, and Rocky outcrops (Figure 4(b)). The 

tropical dry mixed evergreen forests are dominated by 

Manilkara hexandra (‘Palu’) and Drypetes sepiaria 

(‘Veera’) while Diospyros quaesita (‘Kalu Madiriya’) 

and Diospyros ovalifolia (‘Kunumella’) were also 

present in this habitat. The tropical thorn forest 

comprised of thorny shrubs such as Dichrostachys 

cinerea (‘Andara’), Bauhinia racemosum (‘Mila’), 

Salvadora persica (‘Maliththan’), Carissa spinarum 

(‘Heen Karaba’), and Ziziphus oenoplia. (‘Heen 

Eraminiya’). Terminalia arjuna (‘Kumbuk’) was 

dominant in the dry riverine forest whereas tiny clusters 

of Walsura trifoliolata (‘Kiri Koon’) and Drypetes 

sepiaria (‘Veera’) were located along with the 

riverbanks and the adjacent area (Table 2). Most of 

these dry riverine forests get flooded during the rainy 
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season. Seasonal grasslands and bare land areas are 

profoundly located around the water bodies of the park. 

Most of these areas are swamped occasionally and 

temporal shifts can be observed turning them into either 

seasonal grasslands or bare lands based on the rainfall 

and water levels. Rocky outcrops were identified as 

areas with a mosaic distribution of rocks within the 

forest clusters including several rocky mountain areas 

that emerge above the generally plain surrounding 

forested landscape. The vegetation of these habitats was 

like the tropical dry mixed evergreen forests and 

tropical dry thorn forests (Figure 5). 

Table 2. Prominent plant species of each forest habitat types located in KNP 

Forest habitat type Prominent plant species Plant family Local name (‘In Sinhala’) 

Tropical dry mixed 

Evergreen forest 

Manilkara hexandra Sapotaceae Palu 

Drypetes sepiaria Putranjivaceae Veera 

Diospyros quaesita Ebenaceae Kalu Madiriya 

Diospyros ovalifolia Ebenaceae Kunumella 

Tropical thorn forest Dichrostachys cinerea Fabaceae Andara 

Bauhinia racemosum Fabaceae Mila 

Salvadora persica Salvadoraceae Maliththan 

Carissa spinarum Apocynaceae Heen Karaba 

Ziziphus oenoplia Rhamnaceae Heen Eraminiya 

Dry riverine forest Terminalia arjuna Combretaceae Kumbuk 

Walsura trifoliolata Meliaceae Kiri Koon 

According to the loading plot (Figure 4(a)) the 

canopy height, litter cover, and horizontal visibility 

were the significant contributing factors to shape the 

structure of tropical dry-mixed evergreen forests. The 

tropical dry-mixed evergreen forest and scrublands are 

composed of several shared features, but the two 

habitats can be distinctly identified. The ground 

vegetation and canopy cover negatively influenced the 

tropical thorn forest (Scrublands). The dry riverine 

forest cluster was separated via litter depth and the 

canopy height. Seasonal grasslands indicated a low 

canopy cover and litter cover with a high horizontal 

visibility. Rock availability exhibited a positive 

influence on the determination of rocky outcrops.  

Figure 4. (a) Loading plot and (b) Score plot of PCA conducted for KNP through a field survey [*TDMEF - Tropical Dry Mixed Evergreen 

Forest, SG - Seasonal Grassland and DRF - Dry Riverine Forest, TTF - Tropical Thorn Forest, RO - Rocky Outcrops] 

(a) 
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Figure 4. (a) Loading plot and (b) Score plot of PCA conducted for KNP through a field survey [*TDMEF - Tropical Dry Mixed Evergreen 

Forest, SG - Seasonal Grassland and DRF - Dry Riverine Forest, TTF - Tropical Thorn Forest, RO - Rocky Outcrops] (cont.) 

Figure 5. Terrestrial habitats in Kumana National Park; (a) Tropical Dry-mixed Evergreen Forest; (b) Tropical Thorn Forest; (c) Rocky 

Outcrops; (d) Dry Riverine Forest; (e) Seasonal Grassland; and (f) Sand and Dunes along the coastline 

(b) 

(a) (b) 

(c) (d) 

(e) (f) 
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3.2 Generation of classified habitat maps using 

supervised data 

Four post-processed maps were generated 

through Maximum Likelihood Classification (MLC), 

Random Forest (RF), k-Nearest Neighbour (kNN), and 

Support Vector Machine (SVM) classification models. 

The Forest-Based Classification (FBC) model was not 

post-processed due the poor accuracy. Five terrestrial 

habitats and two aquatic habitats were classified in the 

generated maps. Terrestrial habitats were, namely, 

Tropical Dry-mixed Evergreen Forests, Tropical Thorn 

Forests (Scrublands), Seasonal Grasslands, Rocky 

Outcrops, and Sand Dunes (Figure 5). All seasonal and 

permanent waterbodies including rivers (Kumbukkan 

Oya and estuaries) were considered as aquatic habitats. 

The dry riverine forest area near the Kumbukkan Oya 

River remained as undefined in the categorized map 

probably due to the minor proportion of this forest type 

along a small stretch beside the river. From all the 

terrestrial habitats, Tropical dry-mixed evergreen 

forests accounted for an area of 28,562 ha followed by 

Tropical thorn forests (Scrublands) which covered 

5,218 ha. The tropical dry-mixed evergreen forests 

covered 77.9% of the park followed by the tropical 

thorn forests, rocky outcrops, and seasonal grasslands 

covering 14.3%, 1.9%, and 1.3% of the park 

respectively (Table 4). Waterbodies cover 1.4% of the 

total park which are situated mostly within the eastern 

region of the park. Sand dunes and river areas 

accounted for a relatively smaller area (<1%) (Table 3). 

3.3 Accuracy assessment of generated maps 

The maximum value of the Kappa coefficient 

(𝜅) was achieved for the classified map using the 

maximum likelihood classification model (MLC) 

which had an overall accuracy of 91% (Figure 6). 

Other maps had a lower accuracy with Kappa 

coefficients less than 0.87 (𝜅<0.87). Each classified 

map was visually compared with satellite images 

obtained from ArcGIS Pro 3.2 imagery data for further 

verification (Figure 7).  

Table 3. Accuracy assessment table for the Maximum Likelihood Classification (MLC) model 

Table 4. Habitat availability based on vegetation mapping in KNP 

Dry-mixed 

Evergreen 

Tropical 

Thorn 

Rocky 

Outcrop 

Bare/Grass 

land 

Waterbody River Sand and 

Dunes 

Total 

(User) 

User Accu 

(%) 

Dry-mixed 

Evergreen 

62 0 0 0 0 0 0 62 100 

Tropical 

Thorn 

5 11 0 0 0 0 1 17 64.7 

Rocky 

Outcrop 

1 0 6 0 0 0 0 7 85.7 

Bare/Grass 

land 

0 0 0 4 0 0 0 4 100 

Waterbody 0 0 0 0 4 0 0 4 100 

River 0 0 0 0 0 3 0 3 100 

Sand and 

Dunes 

0 0 0 0 0 0 3 3 100 

Total 

(Producer) 

68 11 6 4 4 3 4 100 - 

Producer 

Accu (%) 

91.2 100 100 100 100 100 75 - 91

Habitat categories in KNP Area proportion (%) Area (ha) 

Tropical dry-mixed evergreen forest 77.9 28,562 

Tropical thorn forest (Scrubland)  14.3 5,218 

Rocky outcrops 1.9 692 

Bare land and Seasonal grass 1.3 461 

Waterbodies  1.4 508 

Sand and dunes 0.7 262 

River 0.2 68 

Total area 35,773 
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Figure 6. Categorized map using Maximum Likelihood Classification (MLC) model with available habitat types in Kumana National 

Park 

Figure 7. Vegetation maps developed using different models for the Kumana National Park 
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4. DISCUSSION

Our study presents a detailed habitat map for 

Kumana National Park (KNP), which can be utilized 

for park management decisions and future ecological 

research. This map offers significantly improved 

resolution and spatial detail compared to the previous 

map by Kasige et al. (2020). By incorporating 

multispectral data and ground-based surveys, we 

achieved a higher accuracy level. While Kasige et al. 

(2020) identified four habitat types, our study 

identified six: 1) Dry-mixed evergreen forest, 2) 

Tropical thorn forest, 3) Rocky outcrop, 4) Dry 

riverine forest, and 5) Seasonal grasslands through 

PCA analysis. Sand dunes were excluded from the 

PCA due to their low area percentage. 

Despite the PCA identifying the dry riverine 

forest adjacent to the Kumbukkan Oya River, none of 

the classification models were able to distinguish it as 

a unique habitat type. Consequently, this habitat was 

excluded from our final map due to misidentification 

with dry-mixed evergreen forest and its relatively low 

spatial distribution. Our findings contrast sharply with 

the habitat areas reported for 2019 by Kasige et al. 

(2020), who noted only 124.43 km² of forest cover and 

57.80 km² of grasslands. In contrast, we identified a 

forested area of 337.8 km², encompassing both dry-

mixed evergreen and tropical thorn forests, while 

grasslands cover only 4.61 km². This discrepancy 

likely arises from our identification of tropical thorn 

forests as a distinct habitat type and the enhanced 

clarity achieved through improved spatial resolution 

and mosaicking of spectral data, resulting in a 

temporally representative satellite image instead of a 

single-point NDVI raster. 

Our study highlights Google Earth Engine’s 

(GEE) potential for filtering, preprocessing, and raster 

mosaicking over a time range, which significantly 

improved the classification’s overall accuracy by 

reducing temporal bias. Accurate habitat classification 

is crucial for park managers, enabling them to make 

more informed and effective management decisions. 

However, Kumana National Park currently 

generates significant revenue, largely due to its appeal 

to tourists interested in its diverse mammalian and 

avian fauna (SLTDA, 2019). Therefore, our study 

offers valuable insights for managing the recreational 

road network and camping sites maintained by the 

Department of Wildlife Conservation (DWC). We 

recommend an integrated approach that balances 

visitor satisfaction with habitat conservation to ensure 

sustainable tourism within the park. Our findings can 

assist in spatially identifying areas with high potential 

for wildlife viewing, while also safeguarding more 

sensitive and critical habitats. The use of freely 

available satellite data allowed us to conduct this study 

cost-effectively (Gil et al., 2011), and the use of 

remote sensing multispectral products, combined with 

verification through Google Earth and Arc basemaps, 

overcame accessibility limitations. 

Gunatilleke et al. (2008) observed that most of 

Sri Lanka’s natural forest area is covered by tropical 

dry mixed evergreen forest. Similarly, we found that 

approximately 75% of KNP is covered by this forest 

type, primarily located away from recreational roads 

and within the park’s interior. These forests, 

characterized by a 12-meter canopy height with 

prominent species such as Manilkara hexandra, 

Diospyros quaesita, and Diospyros ovalifolia, provide 

critical habitats for elusive mammalian species. In 

contrast, the tropical thorn forests, which are the 

second-largest habitat type in KNP, feature thorny 

vegetation and are primarily found near recreational 

roads and aquatic bodies. This habitat includes species 

such as Dichrostachys cinerea and Ziziphus sp., along 

with other characteristic flora. 

The dry riverine forest, although less spatially 

extensive, is another significant habitat along KNP’s 

southern boundary, nourished by the Kumbukkan 

River. Dominated by Terminalia arjuna (Kumbuk), 

these forests exhibit a denser canopy near the 

riverbanks, withstanding seasonal floods and creating 

a shaded environment with lower ground vegetation 

than the tropical dry-mixed evergreen forests. 

Grasslands in KNP, consisting of short seasonal 

grasses, are primarily located near major water bodies 

and are subject to seasonal flooding. These grasslands, 

which are most visible during the dry season, are 

easily distinguishable in satellite images due to their 

high ground vegetation cover and lack of a canopy 

layer. Seasonal grasslands and bare lands with open 

soil and mudflats cluster together due to similar pixel 

values. 

Initially, we used LANDSAT 9 satellite 

imagery from the United States Geological Survey 

(USGS) for vegetation classification. However, due to 

its low resolution, we opted for Sentinel-2A images 

from the Copernicus Open Access Hub. Among the 

various classification models we tested, Maximum 

Likelihood Classification (MLC), after post-

modification, produced the most accurate map, as 

evaluated using the kappa coefficient. This map 

accurately depicted the physical features of the area, 
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including forest habitats, rocky outcrops, grasslands, 

and water bodies. Thus, we propose the vegetation 

map (Figure 7) for KNP using the MLC algorithm. 

Despite the availability of newer classification 

algorithms, the MLC model remains highly competent 

in achieving high accuracy. We believe our study will 

support decision-makers and relevant authorities in 

managing protected areas more effectively. 

5. CONCLUSION

The findings of this study offer modern 

solutions for vegetation categorization in future 

ecological research. Kumana National Park is 

predominantly covered by dry mixed evergreen forest, 

followed by tropical thorn forest, resulting in a 

substantial forest cover of 92.2%. The habitat map 

we generated, along with the associated spatial 

parameters, can be used to identify critical areas for 

both terrestrial and aquatic fauna within KNP. These 

findings can be effectively utilized to support habitat 

conservation and management strategies in the park.  
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This study presents an examination of the effectiveness of an anoxic-oxic-anoxic-

oxic sequencing batch reactor (A2/O2-SBR) for treating electroplating 

wastewater (EPWW). The A2/O2-SBR was monitored for 60 days and the 

bacterial composition in the treatment system was determined. The system 

consisted of four reactors, which had the following anoxic/oxic ratios: reactor-I, 

0:9 h; reactor-II, 2:7 h; reactor-III, 4.5:4.5 h; and reactor-IV, 7:2 h. The combined 

cycle time of the reactors was 12 h, the hydraulic retention time (HRT) was five 

days, and the total volume of mixed liquor suspended solids (MLSS) was 2,000 

mg/L. The results demonstrate the importance of an anoxic period for the 

treatment of heavy metals. Most of the ammonium nitrogen (NH4
+-N), Total 

Kjeldahl nitrogen (TKN), and total nitrogen (TN) were removed during the oxic 

period. However, as the anoxic period increased, the amounts of TKN, nitrite 

nitrogen (NO2
--N), nitrate nitrogen (NO3

--N), and TN declined. Reactor-IV 

showed a high removal efficiency for heavy metals (Zn2+, 89.74%; Cd2+, 

81.37%), TKN (89.20%), and TN (84.25%), and also effectively treated NH4
+-N 

(78.84%), biochemical oxygen demand (BOD5; 93.5%), and chemical oxygen 

demand (COD; 84.9%). Reactor-IV showed an appropriate difference in the 

dissolved oxygen (DO) concentration between the anoxic period and oxic period 

(2.12-2.00 mg/L). The main bacterial phyla in the treatment system were 

Proteobacteria, Actinobacteria, and Firmicutes, while Pseudomonas 

vancouverensis and Cryobacterium arcticum were the most common species. The 

anoxic period and bacterial community have significantly demonstrated the 

ability to remove Zn2+ and Cd2+ for effective treatment of EPWW. 
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1. INTRODUCTION

Heavy metals are common in various industries, 

including galvanizing, electroplating, leather tanning, 

and film photography. Galvanization is an 

electroplating process in which zinc is used to coat 

steel and increase its corrosion resistance. EPWW 

contains heavy metals and nutrients that can 

contaminate the environment (Coelho et al., 2021; 

Wang et al., 2021). Therefore, treating EPWW is 

necessary (Marques et al., 2013). Biological processes 

can be used to eliminate heavy metals and are both 

cost-effective and environmentally friendly (James 

and Vijayanandan, 2022). 

Sequencing batch reactor (SBR) systems 

enhance the activated sludge process for wastewater 

treatment. However, wastewater characteristics may 

influence pollution removal efficiency (Singh et al., 

2022). SBR systems demonstrate exceptional stability 

Citation: Suriyawong T, Buddhawong S, Swasdisevi T, Sirianuntapiboon S. The effectiveness of an anoxic-oxic-anoxic-oxic sequencing batch 

reactor system (A2/O2-SBR) to treat electroplating wastewater and the bacterial community within the system. Environ. Nat. Resour. J. 
2025;23(1):40-54.  (https://doi.org/10.32526/ennrj/23/20240134)
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and adaptability, making them efficient for biological 

wastewater treatment (Zhang et al., 2023). The 

reaction phase in SBR systems includes both anoxic 

and oxic periods, and enhances pollution removal (Liu 

et al., 2017; Gao et al., 2021). An abundance of oxygen 

(O2) allows aerobic organisms to perform nitrification, 

using O2 as an electron acceptor. Conversely, 

microorganisms utilize NO3
--N as an electron acceptor 

under anoxic conditions, resulting in denitrification 

(Yan et al., 2019). Heavy metals, nitrogen compounds, 

phosphates, and COD are reduced in industrial 

wastewater under anoxic conditions (Feng et al., 2013; 

Jena et al., 2020; Lu et al., 2021). Preserving both 

anoxic and oxic processes helps to accelerate pre-

denitrification in anoxic phase. This inhibits the 

development of NO3
--N and NO2

--N within the system 

(Gong et al., 2012; Lu et al., 2021). The anoxic/oxic 

system removes nitrogen through nitrification, 

denitrification, ammonification, and anaerobic 

ammonium oxidation (anammox) process. 

The anoxic/oxic process can be used to treat 

EPWW, removing organic matter (OM) and nitrogen 

compounds (Yan et al., 2018; Gao et al., 2021). Feng et 

al. (2013) reported that an anoxic/aerobic-membrane 

bioreactor (A/O-MBR) can remove 80-95% of heavy 

metals like zinc (Zn2+), copper (Cu2+), lead (Pb2+), and 

cadmium (Cd2+). By using ion exchange, extracellular 

precipitation, and intracellular accumulation, 

denitrifying bacteria remove heavy metals better than 

nitrifying bacteria (Wang et al., 2016; Su et al., 2020). 

Moreover, microorganism multiplication in various 

environments demonstrates the need for DO. 

Microorganisms determine wastewater treatment 

system efficiency (Quan et al., 2012). The main phyla 

in anoxic/oxic habitats are Proteobacteria, 

Bacteroidetes, Firmicutes, Chloroflexi, Acidobacteria, 

and Verrucomicrobia (Xie et al., 2024). Yong et al. 

(2018) found that Pseudomonadaceae generate organic 

acids to chelate and precipitate heavy metals.  

The anoxic-oxic-anoxic-oxic (A2/O2-SBR) 

process was demonstrated to effectively treat less heavy 

metal contaminated in EPWW (Yan et al., 2018; Gao et 

al., 2021). This study examines how different oxic and 

anoxic conditions change the bacterial communities in 

EPWW that contains heavy metals, as well as how they 

affect the removal of heavy metals, the breakdown of 

OM, and the growth of bacteria. Pilot-scale experiments 

are necessary to advance practical applications of the 

A2/O2-SBR process. Managing the wastewater 

treatment system requires monitoring DO levels during 

anoxic and oxic phases. The goal of this study was to 

evaluate A2/O2-SBR system, which constantly treats 

EPWW, and identify the best anoxic/oxic ratios. 

Additionally, studying the diversity of microbial 

populations during wastewater treatment will improve 

our understanding of these systems.   

2. METHODOLOGY

2.1 Wastewater characteristics

EPWW from electro-galvanized steel 

production was obtained from the electroplating 

industry in southern Thailand. The production process 

is not continuous and the wastewater is occasionally 

released, resulting in a single collection during peak 

production to evaluate the efficiency of the A2/O2-

SBR in reducing high pollution levels. Table 1 

presents the characteristics of the EPWW. 

Table 1. The EPWW characteristics 

Parameter Value 

Cadmium (Cd2+) 20.57±0.21 mg/L 

Zinc (Zn2+) 30.62±0.13 mg/L 

Ferrous (Fe2+) 0.273±0.120 mg/L 

Manganese (Mn2+) 0.120±0.110 mg/L 

Nickel (Ni2+) 0.052±0.160 mg/L 

Copper (Cu2+) 0.004±0.100 mg/L 

Biochemical Oxygen Demand (BOD5) 285.0±3.0 mg/L 

Chemical Oxygen Demand (COD) 402.0±2.5 mg/L 

Ammonium-nitrogen (NH4
+-N) 3.31±0.04 mg/L 

Total Kjeldahl Nitrogen (TKN) 14.50±0.13 mg/L 

Nitrite-nitrogen (NO2
--N) 0.34±0.02 mg/L 

Nitrate-nitrogen (NO3
--N) 0.43±0.01 mg/L 

Total nitrogen (TN) 15.73±0.25 mg/L 

pH 7.43±0.04 
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2.2 A2/O2 SBR operation 

Activated sludge was obtained from domestic 

wastewater treatment plants in Bangkok, Thailand. 

The four reactors in this study were made from clear 

acrylic plastic cylinders, with each reactor having a 

diameter of 18 cm, a height of 40 cm, and a working 

volume of 7.5 L (Figure 1(a)). The mixer system used 

a 60-rpm gear motor and paddle agitator. Air was 

diffused to the reactor, and the mixing and air pump 

were timed. 

Four reactors were used with a cycle time of 12 

h, an HRT of 5 days, and a MLSS concentration of 

2,000 mg/L. All reactors were run for 9 h during the 

reaction phase and operated for 60 days. During the 

reaction phase, reactor-I, reactor-II, reactor-III, and 

reactor-IV had different anoxic/oxic ratios (0:9 h, 2:7 

h, 4.5:4.5 h, and 7:2 h, respectively) as depicted in 

Figure 1(b). 

(a) SBR reactors in the experiment

(b) Operational coditions of the A2/O2-SBR at different anoxic/oxic ratios

Figure 1. Experimental of A2/O2-SBR for treating EPWW (a) SBR reactors in the experiment, (b) Operational conditions of the A2/O2-

SBR at different anoxic/oxic ratios  

2.3 Analytical methods 

The BOD5, COD, TKN, NH4
+-N, NO2

--N, 

and NO3
--N were measured following standard 

methods used for examining water and wastewater 

(Rice et al., 2012). The concentrations of heavy metals 

were determined using an atomic absorption 

spectrophotometer (AA). The sample sludge from 

reactor-I and the most effective reactor were used on 
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Day 0 (blank) and Day 60 to investigate bacterial 

diversity. The GF-1 kit from Vivantis technologies 

was used to extract bacterial DNA from the sludge 

after 20 min of centrifugation at 10,000 rpm. DNA was 

amplified, purified, and sequenced using 16S rRNA 

primers, following the Illumina 16S metagenomics 

protocol. 

3. RESULTS AND DISCUSSION

3.1 Heavy metal removal

The results of this study are shown the AA 

machine was unable to detect Fe2+, Mn2+, Ni2+, and 

Cu2+ in the effluent wastewater, indicating that low 

levels of heavy metals can be removed with the 

treatment system. The concentrations of Zn2+ and Cd2+ 

in all reactors decreased over time, as represented in 

Figure 2(a) and Figure 2(c), because activated sludge 

could be a process for removing heavy metals through 

active and passive mechanisms involving intracellular 

accumulation and cellular metabolism processes 

(Ayangbenro and Babalola, 2017). Several researchers 

have reported that the physicochemical properties of 

anionic functional groups in extracellular polymeric 

substances (EPS) and cell surfaces act as adsorbents 

for sludge. Zn2+ and Cd2+ accumulate within cells 

through the Zn-transported system (Zhang et al., 2022; 

Bi et al., 2014).  

The metal ions that fill the active binding sites 

make the biosorption process more challenging due to 

their slow adsorption rate until they reach the 

saturation point, which ultimately results in an 

equilibrium state (Fathollahi et al., 2021; Kalita and 

Baruah, 2023). The type of microorganisms and their 

resistance to heavy metals influence their capacity to 

adsorb and precipitate heavy metals on the cell 

surface. Numerous studies indicate that denitrifying 

bacteria exhibit greater resistance to heavy metals than 

nitrifying organisms (Feng et al., 2013; Su et al., 

2020). Therefore, the oxic and anoxic conditions of the 

treatment system influence the remediation of heavy 

metals. According to Sirianuntapiboon (2013), SBR 

incorporating an anoxic phase can eliminate cyanide 

and Zn2+. The investigation revealed that Nitrobacter 

sp. was the most affected nitrifying bacteria, while 

heterotrophic or denitrifying bacteria showed no signs 

of damage. Moreover, Cd2+ has demonstrated higher 

toxicity to nitrifying bacteria in comparison to 

denitrifying microbes (Feng et al., 2013; Dai et al., 

2019).  

Figure 2(b) and Figure 2(d) demonstrate that all 

reactors removed up to 58% of Zn2+ and 49% of Cd2+ 

from the first period (Anoxic1) due to the presence of 

more vacant and unoccupied active biosorption sites 

on the biosorbent surfaces. However, the second 

anoxic period (Anoxic2) was the most effective 

treatment for Zn2+ and Cd2+, surpassing the first and 

second oxic periods (Oxic1 and Oxic2). The results 

confirmed that the bio-sludge kept more Zn2+ and Cd2+ 

as the anoxic period increased, as shown in Figures 

2(e) and Figure 2(f). 

(a) Zn2+ effluent (mg/L)

Figure 2. Heavy metal concentrations, removal efficiency in wastewater and heavy metal concentrations in bio-sludge of A2/O2-SBR for 

EPWW treatment (a) Zn2+ concentrations, (b) Zn2+ removal efficiencies, (c) Cd2+ concentrations, and (d) Cd2+ removal efficiencies, (e) 

Zn2+ concentrations and (f) Cd2+ concentrations in bio-sludge 

0

2

4

6

8

10

12

14

Anoxic1 Oxic1 Anoxic2 Oxic2 Effluent

Reactor-I

Reactor-II

Reactor-III

Reactor-IV

43



Suriyawong T et al. / Environment and Natural Resources Journal 2025; 23(1): 40-54

(b) Zn2+ removal efficiency (%)

(c) Cd2+ concentrations (mg/L)

(d) Cd2+ removal efficiencies (%)

Figure 2. Heavy metal concentrations, removal efficiency in wastewater and heavy metal concentrations in bio-sludge of A2/O2-SBR for 

EPWW treatment (a) Zn2+ concentrations, (b) Zn2+ removal efficiencies, (c) Cd2+ concentrations, and (d) Cd2+ removal efficiencies, (e) 

Zn2+ concentrations and (f) Cd2+ concentrations in bio-sludge (cont.) 
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(e) Zn2+ concentrations in bio-sludge (f) Cd2+ concentrations in bio-sludge

Figure 2. Heavy metal concentrations, removal efficiency in wastewater and heavy metal concentrations in bio-sludge of A2/O2-SBR for 

EPWW treatment (a) Zn2+ concentrations, (b) Zn2+ removal efficiencies, (c) Cd2+ concentrations, and (d) Cd2+ removal efficiencies, (e) 

Zn2+ concentrations and (f) Cd2+ concentrations in bio-sludge (cont.) 

3.2 BOD5 and COD removal 

Figure 3(a) and Figure 3(c) show that most 

BOD5 and COD values decreased after the first period 

of the reaction phase and slightly decreased in the later 

period because bacteria require OM for growth. OM is 

oxidized by heterotrophic bacteria to carbon dioxide, 

after which the nitrogen compounds can be 

decomposed by autotrophic bacteria, especially 

nitrifying bacteria, through the process of 

decomposing inorganic compounds. All of the above 

processes occurred under oxic conditions. During 

anoxic periods, low DO levels inhibit microbial 

activity, leading to reductions in OM removal (Yan et 

al., 2018). The oxic phase is more effective than the 

anoxic phases in reducing BOD5 and COD because 

autotrophic bacteria do most of the work in oxic 

conditions (Gabarro et al., 2014; Gao et al., 2021).  

The COD degradation by the A2/O2-SBR 

occurred when aerobic microorganisms oxidized OM 

under aerobic conditions, while heterotrophic bacteria 

utilized organic carbon as an electron donor under 

anoxic conditions (Huang et al., 2020; Guo et al., 

2023). Reducing the length of the oxic period in 

wastewater treatment process led to a lower BOD5 and 

COD removal efficiency. However, the BOD5 and 

COD removal efficiencies were greater than 90% and 

84% (Figure 3(b) and Figure 3(d)). This result is 

consistent with that of Li et al. (2018), who reported a 

COD removal efficiency of 89.1% at a Cd2+ 

concentration of 40 mg/L. Zhang et al. (2022) reported 

that activated sludge could reduce COD by 73.64% 

when the Zn2+ concentration was 20 mg/L. In addition, 

Liu et al. (2017) reported that a two-step anoxic/oxic 

membrane bioreactor system effectively treated 

landfill leachate and removed 80.1% of COD. 

3.3 Nitrogen compound removal 

3.3.1 NH4
+-N and TKN removal 

Figure 4 (a) shows the concentrations of NH4
+-

N. Most NH4
+-N is removed under oxic conditions but

can also be removed under anoxic conditions through

these processes. Under oxic conditions, in the

nitrification process, ammonia-oxidizing bacteria

(AOB) convert ammonia into NO2
--N in the first step,

and then, NO2
--N is oxidized to NO3

--N by nitrite-

oxidizing bacteria (NOB) (Wang et al., 2016). Under

anoxic conditions, in the ammonium oxidation process

(anammox), anammox bacteria use NO2
--N instead of

O2 to convert NH4
+-N. and NO2

--N into N2

(Jaroszynski et al., 2011; Lu et al., 2021). In addition,

Figure 4(b) shows that the NH4
+-N removal efficiency

of reactor-I steadily decreased over time due to the

absence of OM. However, reactor-II, reactor-III, and

reactor-IV had greater NH4
+-N removal efficiencies in

the oxic periods than in the anoxic periods because

most NH4
+-N was treated during the oxic periods.

However, when anoxic period increased in length, the

efficiency of NH4
+-N removal decreased due to the

decreased DO levels, leading to the inhibition of

ammonification process (Tang et al., 2021; Lu et al.,

2021). Additionally, Cd2+ and Zn2+ inhibited the

ammonium oxidation enzyme activity of the nitrifying

and AOB (Marques et al., 2013; Bi et al., 2014; Li et

al., 2018).
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(a) BOD5 concentrations (mg/L)

(b) BOD5 removal efficiencies (%)

(c) COD concentrations (mg/L)

Figure 3. BOD5 and COD concentrations and their removal efficiency of A2/O2-SBR for EPWW treatment (a) BOD5 concentrations, (b) 

BOD5 removal efficiencies, (c) COD concentrations, and (d) COD removal efficiencies 
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(d) COD removal efficiencies (%)

Figure 3. BOD5 and COD concentrations and their removal efficiency of A2/O2-SBR for EPWW treatment (a) BOD5 concentrations, (b) 

BOD5 removal efficiencies, (c) COD concentrations, and (d) COD removal efficiencies (cont.) 

However, during the anoxic periods of reactor-

II, reactor-III, and reactor-IV, NH4
+-N removal 

efficiencies were 39-42% due to the anammox process 

(Jaroszynski et al., 2011). This result was observed in 

the A2/O2-SBR treatment system when the anoxic 

period increased in length, resulting in a decreased 

NH4
+-N removal efficiency. Similarly, Hu et al. (2011) 

reported that in an anoxic/aerobic SBR, the removal 

efficiency of NH4
+-N decreased as the anoxic period 

increased. 

TKN concentrations in this study are shown in 

Figure 4(c), which shows that TKN concentrations 

decreased after the first period. Figure 4(d) shows that 

TKN removal efficiency of reactor-I continuously 

decreased at 6 h and began to stabilize at 9 h, while 

adding anoxic periods in other reactors improved TKN 

removal efficiencies during the oxic period. However, 

increasing the anoxic ratios for these systems 

increased TKN removal efficiency. In addition, the 

results show that most TKN is eliminated by 

autotrophic nitrifying bacteria under oxic conditions 

(Guo et al., 2023). Under anoxic conditions, TKN is 

eliminated by denitrification process, and anammox 

process. 

When comparing the removal efficiency of 

NH4
+-N with that of TKN during every period, it was 

found that when the anoxic period increased in length, 

NH4
+-N removal efficiency decreased. On the other 

hand, TKN removal efficiency in anoxic period was 

less than that in oxic period, but TKN removal 

efficiency in the effluent increased with an increasing 

anoxic ratio in A2/O2-SBR. The results showed that 

A2/O2-SBR, which increased anoxic ratio was 

promoted the removal of organic nitrogen. 

(a) NH4
+-N concentrations (mg/L)

Figure 4. NH4
+-N and TKN concentrations and their removal efficiency of A2/O2-SBR for EPWW; (a) NH4

+-N concentrations, (b) NH4
+-

N removal efficiencies (c), TKN concentrations, and (d) TKN removal efficiencies 
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(b) NH4
+-N removal efficiencies (%)

(c) TKN concentrations (mg/L)

(d) TKN removal efficiencies (%)

Figure 4. NH4
+-N and TKN concentrations and their removal efficiency of A2/O2-SBR for EPWW; (a) NH4

+-N concentrations, (b) NH4
+-

N removal efficiencies (c), TKN concentrations, and (d) TKN removal efficiencies 
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3.3.2 NO2
--N and NO3-N removal 

NO2
--N and NO3

--N concentrations in EPWW 

were 0.34±0.20 and 0.43±0.10 mg/L. Figure 5(a) and 

Figure 5(b) show that NO2
--N and NO3-N 

concentrations increased in reactor-I but decreased in 

other reactors. Nitrification occurred in reactor-I, 

causing the accumulation of NO2
--N and NO3

--N in 

this reactor. However, reactor-II, reactor-III, and 

reactor-IV experienced increases in the anoxic period 

combined with denitrification, with NO3
--N being 

converted into N2O or N2, which reduced the 

accumulation of NO2
--N and NO3

--N. This result is 

consistent with that of Wu et al. (2018), who reported 

that the secondary-stage A/O process of a pilot-scale 

two-stage anoxic/oxic process was effective in 

removing nitrogen by reducing NO3
--N to N2. 

However, Cd2+ toxicity has a detrimental effect on 

microorganism activity, leading to reductions in NO2
-

-N and NO3
--N removal (Su et al., 2019), which caused 

NO2
--N and NO3

--N to accumulate in this study. 

(a) NO2
--N concentrations (mg/L)

(b) NO3
--N concentrations (mg/L)

Figure 5. Concentrations of NO2
--N and NO3

--N in EPWW treated using the A2/O2-SBR (a) NO2
--N concentrations and (b) NO3

--N 

concentrations 

3.3.3 TN removal 

TN is the sum of NO3
--N, NO2

--N, and TKN. 

This study showed that TN concentrations in all 

reactors gradually decreased over time, as shown in 

Figure 6(a). TN removal efficiencies of the A2/O2-

SBR reactors are shown in Figure 6(b). Reactor-I 

removed most of TN within the first 6 h, and only a 

small amount remained after treatment. However, in 

other reactors, the nitrification process converted most 

of NH4
+-N and TKN to NO3

--N under oxic conditions, 

leading to the removal of most TN under oxic 

conditions (Huang et al., 2020). Increasing the anoxic 
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period in the system improved the efficiency of TN 

removal during every period of the reaction phase. The 

continuous operation of anoxic/oxic systems affects 

the treatment of nitrogen compounds (Zheng et al., 

2021; Hu et al., 2011). Yan et al. (2018) reported that 

the first-stage anoxic/oxic cycle in a two-stage 

anoxic/oxic process transforms most TN into NO3
--N 

through complete nitrification and incomplete 

denitrification, followed by the conversion of NO2
--N 

to NO3
--N. EPWW contains Zn2+ and Cd2+, which are 

toxic to nitrifying bacteria and denitrifying bacteria 

(Su et al., 2019; Zhang et al., 2023); however, the 

findings show that reactor-IV had the highest TN 

removal efficiency at 84.25±6.10%. According to 

research by Hu et al. (2020), the efficiency of TN 

removal in the anoxic/oxic process was greater than 

80%. 

(a) TN concentrations (mg/L)

(b) TN removal efficiencies (%)

Figure 6. Concentrations and removal efficiency of TN in EPWW treated using the A2/O2-SBR (a) TN concentrations and (b) TN removal 

efficiencies 

3.4 DO levels 

Table 2 displays the DO levels in this study. The 

average DO concentration was 0.1-0.4 mg/L during 

the anoxic periods and 2.2-6.5 mg/L during oxic 

periods, which was adequate for denitrifying and 

nitrifying bacteria (Yan et al., 2019). Anammox 

bacteria can also grow at DO concentrations below 2.5 

mg/L (Kimura et al., 2011). Raising the anoxic/oxic 

ratio during the reaction phase of these systems 

reduced the difference in DO levels between the two 

periods. Between anoxic and oxic periods, reactor-I 

had DO values of 6.5-6.6 mg/L, and reactor-II, 

reactor-III, and reactor-IV had DO values of 5.3-5.4, 

5.3-5.5, and 2.1-2.2 mg/L, respectively. Increasing the 
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anoxic period while decreasing the oxic period 

resulted in greater Zn2+, Cd2+, TKN, and TN 

elimination. Over 80% of BOD5 and COD were 

removed.  

Minor DO concentration differences between 

oxic and anoxic periods affect both obligate aerobic 

and facultative anaerobic bacteria. Yong et al. (2018) 

observed a close relationship between DO levels and 

OM elimination, as high DO levels during oxic and 

short anoxic periods impeded denitrification. Gao et 

al. (2021) found that excess DO (3-4 mg/L) from oxic 

unit to anoxic unit damaged denitrifying 

microorganisms. In a single reactor wastewater 

treatment system, regulating DO levels to suit 

different microbial taxa is crucial. A2/O2 reduced DO 

variations between oxic and anoxic phases, improving 

nitrogen and OM removal. Increasing the anoxic 

period in reactor-IV effectively removed Zn2+ 

(89.74%) and Cd2+ (81.37%), with BOD5 and COD 

removal efficiencies greater than 93.55% and 84.9%, 

respectively. 

3.5 Sludge properties 

Table 3 shows A2/O2-SBR performance. As 

anoxic period increased, excess sludge and suspended 

particles decreased, but sludge retention time (SRT) 

increased due to lower biomass output (Jena et al., 

2016). High SRT improves sludge flocculation (Singh 

et al., 2022). Sludge settled well with sludge volume 

index (SVI) values of 48-55. The food to 

microorganism ratios (F/M) in this investigation were 

0.22-0.26 kg BOD/kg MLSS. 

Table 2. DO values of the A2/O2-SBR for treatment of EPWW 

Reaction phase steps Reactor-I* Reactor-II Reactor-III Reactor-IV 

Anoxic1 6.5±0.1 mg/L 0.4±0.1 mg/L 0.2±0.1 mg/L 0.1±0.1 mg/L 

Oxic1 6.6±0.1 mg/L 5.8±0.1 mg/L 5.7±0.1 mg/L 2.3±0.2 mg/L 

Anoxic2 6.5±0.1 mg/L 0.4±0.1 mg/L 0.3±0.1 mg/L 0.1±0.1 mg/L 

Oxic2 6.6±0.1 mg/L 5.7±0.1 mg/L 5.6±0.1 mg/L 2.2±0.1 mg/L 

Remark * Reactor-I controlled the oxic conditions throughout the study. 

Table 3. Sludge properties in the A2/O2 SBR for the treatment of EPWW 

Parameter Reactor-I Reactor-II Reactor-II Reactor-IV 

Excess sludge (mg/d) 529±217 364±123 206±50 147±34 

SVI (mL/g) 54±9 55±6 48±5 50±4 

SRT (days) 5±2 7±2 12±4 15±4 

SS (mg/L) 57.29±5.70 51.14±5.00 50.43±5.00 49.07±4.40 

F/M (kgBOD/KgMLSS) 0.22±0.10 0.24±0.10 0.25±0.10 0.26±0.10 

pH 7.02±0.20 7.17±0.10 7.29±0.10 7.33±0.20 

3.6 Microbial community 

Proteobacteria, Bacteroidetes, Actinobacteria, 

Firmicutes, and Verrucomicrobia were the most 

common phyla in the samples (Figure 7(a)). Reactor-IV 

also contained Deinococcus-Thermus and 

Planctomycetes. In reactor-IV, under anoxic 

conditions, Proteobacteria constituted 60.8%, while 

under oxic conditions, they comprised 58.5%. 

Actinobacteria were more common in oxygenated 

(17.4%) than anoxic (6.1%) conditions, which suggests 

that they prefer environments with less O2 for the 

metal-removal process. Firmicutes exhibited a higher 

prevalence in anoxic conditions, with a representation 

of 12.4% compared to 8.3% in oxic environments. 

Gram-negative bacteria possessing lipopolysaccharide 

surfaces exhibit resistance to Cd (Huang et al., 2017; Su 

et al., 2020). These results indicate a high removal 

efficiency of heavy metals under anoxic conditions 

(Figure 2). Furthermore, Firmicutes and Thermomonas 

are involved in the digestion of ammonia nitrogen 

(Chen et al., 2019; Jin et al., 2022). 

Figure 7(b) depicts the microbial species 

present in reactor-I and reactor-IV. In reactor-I, 

Thermomonas heamalytica and Bacillus funiculus 

were the most common bacteria. In reactor-IV, 

Pseudomonas vancouverensis, Clostridium 

pasterurianum, and Sulfuriflexus mobiliz were the 

most common bacteria. Hussain et al. (2022) showed 

that many bacteria, such as those in the genera 

Bacillus, Staphylococcus, and Pseudomonas, can 

facilitate Zn2+ fixation. Reactor-IV had a high 

abundance of nitrifying and denitrifying bacteria, 
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especially P. vancouverensis, which likely helped with 

nitrogen and metal removal. Pseudomonas species can 

also remove Cd2+ (Igbinosa et al., 2012; Abbas et al., 

2014). T. heamalytica facilitates nitrogen removal, 

while B. funiculus removes heavy metals, 

demonstrating the critical role of bacteria in reactor-I. 

In reactor-IV, Pseudomonas reached a relative 

abundance of 20% and a metal removal efficiency of 

over 30% when DO levels were low. 

DO concentrations and time period affect 

bacterial proliferation (Liu et al., 2022), which in turn 

affects the removal efficiency of A2/O2-SBR. Bacterial 

taxonomy is linked to the removal of heavy metals 

(Fathollahi et al., 2021). Microorganisms are crucial 

for wastewater, nitrogen, and heavy metal treatment. 

Improved Proteobacteria and Actinobacteria 

populations may help remove metals from the 

wastewater, having different roles in oxygenated and 

anoxic environments.  

Figure 7. Relative abundances of bacterial in the blank sludge, reactor-I, and reactor-IV (with relative abundances greater than 1%) (a) 

phyla and (b) species 
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4. CONCLUSION

This study demonstrates that A2/O2-SBR 

system cleans electroplating effluent. Heavy metals 

(Zn2⁺ 89.74%, Cd2+ 81.37%), TKN (89.20%), and TN 

(84.25%) were removed at the best rates in reactor-IV, 

likely because it had a longer anoxic phase. Keeping 

the concentration of DO between 2.1 and 2.2 mg/L was 

beneficial for bacteria like P. vancouverensis, R. 

harwoodiae, and S. mobilis, which removed nitrogrn 

and heavy metals, improving the wastewater 

treatment. The A2/O2-SBR is a reliable and adaptable 

wastewater treatment technology. This study 

provides valuable insights for metal contamination 

management, including the importance of specific 

bacterial species for the elimination of heavy metals 

and nitrogen compounds and how the bacterial 

community can be modified to improve reactor 

performance. Future pilot studies should focus on the 

development and implementation of the A2/O2-SBR 

system in industrial wastewater treatment. 
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Nutrient availability in coastal areas plays a crucial role in supporting primary 

producers and maintaining the aquatic food chain. The spatial variation of 

nutrients, including ammonium, nitrate, and phosphate, can significantly 

influence coastal ecosystems’ structure, leading to both positive and negative 

results. This study examines the fine-scale spatial variation of physicochemical 

parameters and nutrient concentrations in shrimp ponds and adjacent coastal 

waters from two wetland areas: Ba Lat Estuary (BLE) and Thai Thuy (TTW) in 

the Red River Delta, Vietnam. Ammonium concentrations ranged from 155.80 to 

1,500.80 µg/L, with an average value of 666.83±260.02 µg/L. Nitrate 

concentrations varied from 25.10 to 996.40 µg/L, averaging of 285.42±255.05 

µg/L, while phosphate concentrations exhibited significant variability, ranging 

from 0.70 to 128.70 µg/L. Nutrient concentrations in the RRD were relatively 

high compared to other regions globally. The findings revealed that tidal 

dynamics and aquaculture activities significantly influence nutrient variations in 

coastal waters. The increasing nutrient concentrations in the coastal marine 

environment of the Red River Biosphere could lead to eutrophication risks, which 

could adversely affect mangroves, estuarine areas, and other coastal ecosystems. 

This results emphasize the critical need to reduce nutrient discharge and 

implement wastewater treatment from anthropogenic activities to safeguard 

ecosystems and protect the coastal estuary environment. Further research is 

essential to investigate the spatial and temporal dynamics of nutrients in this 

region to fully understand their impacts on coastal marine ecosystems.
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1. INTRODUCTION

The coastal zone is a highly dynamic area with 

many important economic activities such as industry, 

seaports, aquaculture, and tourism. However, this area 

is susceptible to pollution originating from the 

mainland, leading to risks of environmental 

degradation and vulnerability. The overabundance of 

nutrients such as nitrogen, phosphorus, and silicate 

can cause negative impacts on the coastal marine 

environment, such as eutrophication, degradation of 

estuaries and coastal areas, loss of marine habitats, and 

biodiversity degradation (Barcellos et al., 2019; Fauzi 

et al., 2013; Fauzi et al., 2014). Potential nutrient 

pollution sources affecting the marine environment 

include industrial activities, urban wastewater, 

agricultural production, domestic waste, and coastal 

aquaculture. Studies in Brazil and India showed that 

the increase in phosphorus discharge might cause 

deterioration of water quality, sediments, and 

biodiversity in mangrove areas (Barcellos et al., 2019; 

Manna et al., 2010; Mukhopadhyay et al., 2006). 

However, the increase in nutrient concentrations also 

shows positive effects, such as maintaining mangrove 

forests (Dangremond et al., 2019) and improving 

mangroves’ growth rate and biomass (Hayes et al., 

2017). These nutrients also play an essential role in the 

Citation: Dung LV, Tue NT, Quy TD, Nhuan MT. Ammonium, nitrate, and phosphate in coastal waters of Red River Biosphere Reserve, Vietnam. 
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growth of phytoplankton, contributing to maintaining 

food webs in coastal ecosystems. The inland nutrient 

sources have supported and maintained marine 

ecosystems, including mangroves, estuaries, and 

coastal tidal flats. Nutrients in the coastal marine 

environment serve both beneficial and detrimental 

functions. Therfore, it is important to effectively 

manage pollution in these areas to ensure the 

sustainable use of natural resources and the protection 

of the surrounding environment. 

A study  on nutrient loads in the Red River Delta 

(RRD), Vietnam showed that agricultural irrigation 

activities and leakage from the soil environment are 

the primary causes leading to the increase in nitrogen 

and phosphorus content in the Red River water sources 

(Luu et al., 2012). Recent studies also show that 

nitrogen, phosphorus and silicate concentrations in the 

Red River water has gradually reached the limit point 

of eutrophication (Le et al., 2014). Therefore, 

determination of the role and impact of nutrients in the 

Red River Delta are necessary to protect the 

ecosystems and biodiversity in the future. However, 

the fine-scale spatial assessment has not been 

conducted on the nutrients in coastal waters, 

highlighting the neccesary for updated information in 

the RRD. The present study aims to determine the 

distribution of nutrients such as ammonium, nitrate, 

and phosphate, and other physiochemical parameters 

in the Red River Delta Biosphere Reserve, Vietnam. 

Study results will provide invaluable information for 

mangrove conservation and efforts to reduce the 

impact of anthropogenic activities in the RRD and 

other similar regions worldwide.   

2. METHODOLOGY

2.1 Study site

The Red River Delta Biosphere Reserve in 

northern Vietnam is recognized as one of the country’s 

largest mangrove forest and wetland conservation 

areas. This area encompasses a range of habitats, 

including mangroves, wetlands, salt marshes, 

estuaries, beaches, etc., supporting a high biodiversity 

with more than 30 different mangrove and mangrove-

associated species. These ecosystems serve as habitats 

for numerous rare and endangered species of flora and 

fauna. Additionally, they play an important role in 

stabilizing sediment, protecting coastlines, and 

mitigating the impacts of climate change. The 

sampling sites were Ba Lat Estuary (BLE) and Thai 

Thuy Wetland Area (TTW) in Red River Delta 

Biosphere Reserve, Vietnam (Figure 1). The BLE was 

the largest estuary in Northern Vietnam, which 

provided an essential stopover for migratory birds and 

waterfowl. The BLE is the first Ramsar site in 

Vietnam and plays a critical role in biodiversity 

conservation and supporting local peoples’ 

livelihoods. The BLE and TTW are situated in the 

tropical monsoon climate region, with the rainy season 

from May to October and the dry season from 

November to April. Mangroves are widely distributed 

along coastlines of BLE and TTW, with dominant 

mangrove species are Kandelia obovata, Soneratia 

caseolaris, Rhizophora stylosa, Aegiceras 

corniculatum, and Avicennia marina. The TTW is 

located at the north of the Red River Delta Biosphere 

Reserve and is rich in wetland resources such as 

mangroves, tidal flats, and estuary areas. The 

aquaculture activities are highly developed in both 

regions, with the main products being black tiger 

shrimps, white legs shrimp, clams, and sea bass. The 

extensive and eco-oriented shrimp farming is 

widespread in Ba Lat Estuary (BLE) and Thai Thuy 

wetlands (TTW). Intensive (or industrial) shrimp 

farming is the second largest production activity, 

distributed unevenly in the study areas. Shrimp 

farming developed from the 1990s to the 2010s, with 

the massive mangrove forest loss due to land 

conversion (Long et al., 2021). 

2.2 Field sampling 

Coastal seawater samples were collected and 

surveyed in three environment types, including creeks 

and estuaries, intensive shrimp farming ponds, and 

extensive shrimp ponds along the coastal zone of Red 

River Delta Biosphere Reserve. In the present study, 

the Ba Lat Estuary (BLE) and Thai Thuy Wetlands 

area (TTW) in the RRD were sampling locations to 

analyze nutrient concentration in coastal waters. 

Samples in BLE were collected in December 2020, 

including 31 water samples in coastal waters (Cw), 31 

water samples in extensive ponds (EcoP), and 5 water 

samples in intensive shrimp ponds (InsP) (Figure 1). 

In TTW, a total of 11, 2, and 4 samples were collected 

in coastal waters, extensive shrimp ponds, and 

intensive shrimp ponds, respectively (Figure 1). Water 

samples were stored in primary polyethylene plastic 

bottles, stored in iceboxes, and transported to the 

laboratory for laboratory analysis. Physiochemical 

parameters such as pH, TDS, Eh, DO, and salinity 

were measured in-situ immediately during sampling.
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Figure 1. Sampling location in Ba Lat estuary (BLE) and Thai Thuy wetlands (TTW) 

2.3 Measurement of physiochemical parameters 

The physicochemical parameters of the coastal 

water environment, including pH, TDS, Eh, DO, and 

salinity, were measured directly in the field by the 

Horiba WQC 330 handheld system. The seawater’s 

pH, salinity, and TDS were measured by 300-PH2 and 

300-C2 digital electrodes, respectively. The 

seawater’s redox potential was measured by glass 

electrode 9300-10D with Horiba digital converter. The 

accuracy of instruments was 0.5% and 0.1 mV for 

digital and glass electrodes, respectively. 

2.4 Nutrient analysis 

Ammonium, nitrate, and phosphate 

concentrations in seawater were analyzed using a CFA 

Skalar SAN++ continuous flow automated analysis 

system (Skalar Analytical BV, Breda, The 

Netherlands) at the VNU key laboratory of 

geoenvironment and response climate change, faculty 

of geology, university of science, Vietnam National 

University, Hanoi. Before conducting the analysis, the 

water sample was filtered through a quantitative filter 

paper to remove suspended matter in the solution. 

After filtering, water samples were kept in ice buckets 

and analyzed on the same day after filtration. The 

analysis of  nutrient concentration in water was 

performed according to Skalar Analytical guidelines 

(Skalar Analytical B.V., 2019). The analytical 

detection limit for nitrate, ammonium, and phosphate 

are 15, 5, and 2 µg/L, respectively. Samples with 

expected ammonium, nitrate, and phosphate 

concentrations above 500 µg/L should be diluted at 

least two times before analysis.  After ten samples 

were analyzed in a batch, a standard sample was 

repeated for peak correction during analysis. The 

system was  operated automatically by Skalar’s Flow 

Access V3 control software (Skalar Analytical B.V., 

2019). Standard samples were evaluated to ensure that 

the change in detector signal was not more than 5% 

and the R-value of the analytical standard curve was 

higher than 0.990. 

2.5 Statistical analysis 

The General Linear Model (GLM) was applied 

to test the differences in physiochemical parameters 

and nutrient concentrations among locations (BLE and 

TTW) and environment types. Principal component 

analysis (PCA) assessed the relationship between 

physiochemical parameters and nutrient 

concentrations in the Thai Thuy Wetlands and Ba Lat 

estuary regions. IBM SPSS v20.0 and Microsoft Excel 

were applied to perform statistical tests in the present 

study. The statistical differences were confirmed with 

p values<0.05. 
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3. RESULTS AND DISCUSSION

3.1 Physiochemical parameters of coastal water

The values of water quality parameters such as 

pH, redox potential (Eh), TDS, and salinity are shown 

in Figure 2. The pH of coastal waters in TTW and BLE 

ranged from 7.5 to 8.3 and 6.5 to 9.4, respectively. The 

mean pH values of coastal waters were 7.88±0.30 and 

7.57±0.44 for TTW and BLE, respectively. The DO of 

coastal waters in TTW and BLE ranged from 5.4 to 9.2 

and 4.1 to 8.8, with average values of 7.07±1.07 and 

7.89±0.76 for TTW and BLE, respectively. The pH 

and DO values in TTW were higher than BLE, but a 

statistical difference was not observed between the 

two sampling locations (Table 1, p>0.05). The redox 

potential of coastal waters in TTW and BLE ranged 

from 163.3 to 212.2 and 127.0 to 224.5 mV, 

respectively. The mean redox potential values of 

coastal waters were 190.79±13.55 and 179.02±17.90 

for TTW and BLE, respectively. TTW and BLE’s total 

dissolved solids ranged from 5.3 to 15.0 and 3.8 to 

31.5 mg/L with average values of 11.44±3.33 and 

17.76±7.05 (g/L) for TTW and BLE, respectively. The 

mean salinity was 13.46±4.14 and 18.22±7.35 (‰) for 

coastal water from TTW and BLE, respectively. The 

statistical difference between the two study sites was 

observed in redox potential, salinity, and TDS (Table 

1, GLM test, p<0.05). 

Figure 2. Water quality parameters in TTW and BLE: (a) pH, (b) redox potential, (c) total dissolved solids, and (d) salinity. Error bars 

represent the standard deviation (SD) of the mean. Acronyms are shown in Table 1. 

The PCA results of water quality parameters 

showed that the first factors accounted for 57.20% and 

32.07% of the variance for TTW and BLE, 

respectively. The second factor accounted for 19.39% 

in TTW and 23.06% of the variance in BLE. High 

loading of the first factor was observed in TDS, 

salinity, DO, and pH of samples from TTW, whereas 

the BLE observed high loading of the first factor in 

salinity and TDS. The PCA results suggested that 

TDS, salinity, DO, and pH from TTW have a strong 

relationship (Figure 3). 

(a) (b) 

(c) (d) 
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Table 1. The concentrations of ammonium, nitrate, and phosphate in BLE and TTW 

Location Ammonium (µg/L) Nitrate (µg/L) Phosphate (µg/L) n 

Mean SD Mean SD Mean SD 

Thai Thuy Wetlands (TTW) 558.27 343.29 316.57 171.42 18.77 35.06 17 

Coastal and estuary (Cw) 461.91 157.94 270.08 120.87 5.79 3.62 11 

Extensive shrimp ponds (EcoP) 903.22 - 644.63 - 73.87 - 2 

Intensive shrimp ponds (InsP) 650.80 427.21 280.38 111.93 26.92 32.77 4 

Ba Lat Estuary (BLE) 694.38 229.46 276.26 272.67 9.76 17.34 67 

Cw 750.99 251.12 443.80 309.38 6.75 5.92 31 

EcoP 680.70 158.11 127.12 97.79 10.99 22.26 31 

InsP 428.16 305.65 162.10 176.07 20.79 27.34 5 

All samples 666.83 260.02 284.42 255.05 11.58 22.12 84 

Figure 3. Principle component analysis results of physiochemical characteristics and nutrients in BLE and TTW 

3.2 Nutrient concentration in coastal waters of Red 

River Delta 

The concentration of ammonium (NH4-N), 

nitrate (NO3-N), and phosphate (PO4-P) are shown in 

Table 1. In the TTW, the mean values of ammonium 

were 461.9±57.9, 903.2±845.1, and 650.8±427.2 µg/L 

for coastal waters, extensive shrimp ponds, and 

intensive shrimp ponds, respectively. The significant 

variation in ammonium concentration of waters in 

extensive shrimp ponds resulted from small sample 

sizes or differences in water retention time. The mean 

ammonium concentration in BLE was 751.0±251.1, 

680.7±158.1, and 428.2±305.6 µg/L for coastal 

waters, extensive shrimp ponds, and intensive shrimp 

ponds, respectively. In the TTW, the mean 

concentration of ammonium decreased from EcoP 

through InsP to Cw sites, whereas in the BLE, 

ammonium concentration decreased in the order of 

Cw, EcoP, and InsP (Figure 5). 

The mean concentration of nitrate (NO3-N) was 

316.6±171.0 and 276.3±272.7µg/L TTW and BLE, 

respectively. The average nitrate concentration in BLE 

were 443.8±309.4, 127.1±97.8, and 162.1±176.1 µg/L 

for coastal waters, extensive shrimp ponds, and 

intensive shrimp ponds, respectively. In the TTW, the 

mean concentration of nitrate decreased from EcoP 

through InsP to Cw with average values of 

644.6±205.5, 280.4±11.9, and 270.1±120.9 µg/L, 

respectively (Figure 4). The phosphate concentration 

in water ranged from 2.8 to 137.6 and from 0.7 to 

127.9 µg/L for TTW and BLE, respectively. However, 

the phosphate concentration has a large variation in 

EcoP samples, with the highest and lowest values 

observed in this sampling site (Table 1).
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Figure 4. Nitrate concentration in the coastal waters of TTW and BLE in the Red River Biospheres Reserve 

Figure 5. Ammonium concentration in coastal waters of TTW and BLE in Red River Biosphere Reserve 

The PCA analysis result in TTW showed that 

the ammonium, nitrate, and phosphate have a strong 

relationship (Figure 3). A similar trend was not 

observed in BLE, with Eh and ammonium having a 

strong relationship in PCA analysis. High-loading 

factors of nutrients in TTW may be related to the 

sources of the nutrient environment. The PCA results 

of BLE showed that the nutrient concentration in this 

area might be influenced by various factors rather than 

anthropogenic sources from the mainland. The GLM 
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test showed that phosphate concentration showed a 

statistical difference between sampling locations, 

environment types, and two factors interaction (GLM, 

p<0.05). The nitrate and ammonium concentrations in 

each location showed statistical differences among the 

environment types (GLM, p<0.05) (Table 2). In the 

BLE, we observed the strong relationship between 

redox potential and ammonium in coastal water, which 

may relate to the denitrification process in mangrove 

and wetland ecosystems. 

Table 2. The GLM analysis results of physiochemical parameters and nutrients in BLD and TTW 

Source Parameters Type III Sum of 

Squares 

df Mean Square F Sig. 

Location NH4-N 22,035.781 1 22,035.8 0.4 0.540 

NO3-N 193,146.606 1 193,146.6 4.3 0.042 

PO4-P 4,188.972 1 4,189.0 10.8 0.002 

pH 0.353 1 0.4 2.0 0.156 

DO 60.476 1 60.5 2.3 0.134 

Eh 1,944.789 1 1,944.8 6.8 0.011 

Sal 353.491 1 353.5 7.4 0.008 

TDS 495.983 1 496.0 11.5 0.001 

Environmental types NH4-N 285,418.036 2 142,709.0 2.5 0.092 

NO3-N 149,986.078 2 74,993.0 1.7 0.195 

PO4-P 8,825.278 2 4,412.6 11.3 0.000 

pH 0.120 2 0.1 0.3 0.706 

DO 10.388 2 5.2 0.2 0.822 

Eh 133.394 2 66.7 0.2 0.793 

Sal 133.605 2 66.8 1.4 0.252 

TDS 78.809 2 39.4 0.9 0.406 

Location* 

Environmental types 

NH4-N 713,335.224 2 356,667.6 6.1 0.003 

NO3-N 776,757.509 2 388,378.8 8.6 0.000 

PO4-P 6,258.984 2 3,129.5 8.0 0.001 

pH 0.595 2 0.3 1.7 0.185 

DO 7.360 2 3.7 0.1 0.870 

Eh 1,389.489 2 694.7 2.4 0.096 

Sal 79.981 2 40.0 0.8 0.435 

TDS 63.700 2 31.8 0.7 0.482 

4. DISCUSSION

4.1 Factors influencing physiochemical parameters

of coastal waters

The redox potential, salinity, and TDS showed 

a clear spatial variation trend between TTW and BLE, 

with the salinity and TDS in TTW significantly lower 

than those of BLE and vice versa for redox potential. 

These patterns resulted from tidal dynamics and water 

exchange between mangroves, shrimp ponds, and 

coastal water. The salinity and TDS in TTW showed a 

significant variation among Cw, InsP, and, EcoP 

zones, whereas salinity and TDS in BLE were more 

stable in all sampling areas (Table 1). The lower 

values of salinity and TDS in TTW may be related to 

water discharge from low salinity aquaculture 

activities (sea bass production) in TTW, which led to 

the decreasing trend of salinity and TDS in adjacent 

shrimp ponds. The physiochemical parameters of 

coastal and estuarine seawater have seasonal and tidal 

fluctuations (Trang et al., 2013; Wösten et al., 2003) 

and seasonal variation was also considered an 

important influencing factor of physiochemical 

parameters in river estuaries (Fatema et al., 2014; 

Pham, 2017; Prabu et al., 2008; Saravanakumar et al., 

2008). A study in Pichavaram mangroves showed that 

the monsoon, river discharge, and tidal variation 

strongly influence physiochemical parameters in 

coastal waters (Prabu et al., 2008). In the present 

study, water samples in the RRD were collected in the 

dry season, and physiochemical parameters may be 
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strongly affected by tidal flushing rather than river 

discharge from the mainland. The seasonal variation 

analysis of nutrient dynamics should be determined in 

the future research. Additionally, physiochemical 

parameters are also affected by the water exchange 

process between the aquaculture ponds and coastal 

waters in this region. According to tidal cycles, local 

people will drain wastewater from inside aquaculture 

ponds into the adjacent tidal creeks at low tide and 

receive fresh supply water at high tide. Overall, 

physiochemical parameters of coastal water in this 

area are influenced by three factors of aquaculture 

wastewater, mangroves exchange water, and tidal 

seawater. This pattern is a complex exchange process 

in coastal estuaries, especially in the RRD. Therefore, 

long-term monitoring is necessary to assess changes of 

these parameters in future studies.  

4.2 Nutrient variation in the coastal ecosystems of 

the Red River Delta 

The nutrients content in the RRD was higher 

than those of coastal areas in Vietnam and worldwide 

(Table 3). The ammonium and nitrate concentrations 

in the RRD were  relatively high compared to Cam and 

Bach Dang estuaries in northern Vietnam (Trang et al., 

2013), and equivalent to Can Gio Area, Ho Chi Minh 

City (Pham, 2017), Paguil Bay, Philippines, and 

Merbok estuary, Malaysia (Canini et al., 2013; Fatema 

et al., 2014). The sources of these nutrients are mainly 

from human-caused anthropogenic activities such as 

agriculture, aquaculture, industry, urban waste, etc., 

and a small part due to natural processes such as the 

decomposition of organic matter and growth of 

microorganisms (Downing, 1999; Reopanichkul et al., 

2010).

Table 3. The concentration of nutrients in selected study sites in the world 

Location Environment types NH4-N (µg/L) NO3-N (µg/L) PO4-P (µg/L) References 

Red River Delta Extensive shrimp ponds 305.6-1,500.8 25.1-789.9 0.7-137.6 Current study 

Intensive shrimp ponds 155.8-1,274.9 37.5-472.5 5.3-75.8 

Estuary and coastal areas 239.1-1,413.6 64.4-996.4 2.2-24.0 

Hai Phong 

(Vietnam) 

Estuary 16.5-571.5 86.7-285.4 8.81-39.00 Trang et al. 

(2013) 

Can Gio 

(Vietnam) 

Estuary 150-300 600-1,500 150-320 Pham (2017) 

Phuket 

(Thailand) 

Nearshore water 0.00-93.15 0.00-41.30 0.00-81.30 Reopanichkul 

et al. (2010) 

Panguil Bay 

(Philipines) 

Coastal water - 300-900 100-500 Canini et al. 

(2013) 

Merbok 

(Malaysia) 

Estuary 100-1,180 50-210 60-80 Fatema et al. 

(2014) 

Allowable limit 

(local) 

100 

(Vietnam technical 

regulation on Marine 

water quality 

QCVN10:2023) 

60 

(ASEAN) 

200 

(Vietnam technical 

regulation on Marine 

water quality 

QCVN10:2023) 

ASEAN-

Secretariat 

(2008) 

The distribution of ammonium in coastal water 

showed a large variation in both TTW and BLE in the 

RRD. The highest ammonium value was observed in 

the EcoP site in TTW, whereas the lowest was InsP 

from BLE. In both areas, the mean ammonium 

concentration in the EcoP site was higher than in the 

InsP and Cw samples. This pattern may be related to 

the decomposition of organic matter and shrimp waste 

in extensive shrimp ponds, which usually lack of 

waste water treatment system. Intensive shrimp ponds 

use water propellers to provide oxygen in water, 

enhancing the nitrification process and reducing 

ammonia concentration. The other reason is organic 

matter ammonification in EcoP with a high density of 

mangrove trees surrounding the aquaculture ponds 

(Alongi, 2018; Feller et al., 2003; Taillardat et al., 

2020). The high availability of mangrove litter in EcoP 

will enhance loads of organic matter decomposition, 

leading to increased ammonium concentration in 

water (Taillardat et al., 2020). The strong relationship 

between ammonium concentration and redox potential 

in BLE supported this pattern (Miao et al., 2006). The 

ammonium concentration in coastal water of  BLE and 

TTW showed an opposite trend, with the ammonium 

values of Cw samples in BLE higher than those of 

EcoP and InsP and vice versa for samples from TTW 

regions. This trend resulted from the natural 

characteristics of BLE and TTW regions. The BLE is 
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large estuary with complex tidal creek systems and 

receives a massive amount of ammonium from 

adjacent shrimp ponds and mangrove forests 

(Taillardat et al., 2020), causing the increase of 

ammonium in the water column.  

The nitrate concentration in the RRD showed an 

opposite trend with ammonium in coastal 

environments, with the mean concentration in the BLE 

lower than those of TTW areas. The strong 

relationship between ammonium, nitrate, and 

phosphate in the TTW (Figure 3) suggested that the 

nutrients in this area may originate from the same 

sources. This pattern was not observed in water 

samples from BLE, with the nitrate having high 

loading in PC1. In contrast, ammonium has high 

loading in PC2 (Figure 3). These results indicated that 

the nitrate sources in the BLE and TTW may be 

originated from mainland discharge and local sources, 

respectively. The BLE received nutrient loads from 

the urban and industrial areas in northern Vietnam, 

which led to the high concentration of nitrate in water. 

Furthermore, the decrease of water discharge volume 

in the dry season may lead to a weak nutrient dilution 

process in estuaries, causing an increase trend in 

nutrient concentration from coastal water adjacent to 

mangrove forests and aquaculture ponds. 

A previous study in the RRD showed that 

mangrove forests play essential roles in nutrient 

composition exchange between estuarine and coastal 

waters. Mangroves in this area were considered net 

sinks of nutrients from the mainland, where nutrients 

are assimilated for biomass growth and preserved 

nutrients in the sediment stratum (Wösten et al., 2003). 

However, the increase in nutrient discharge may lead 

to an increased mortality rate of mangroves and 

degrade other coastal ecosystems (Lovelock et al., 

2009). The aquaculture in the coastal zone was also 

considered an important factor influencing the nutrient 

dynamic in this region. The effluent from shrimp 

ponds (both EcoP and InsP) may be led to eutrophic 

risks in mangrove forests and adjacent coastal waters 

(Páez-Osuna, 2001; Queiroza et al., 2019; Robertson, 

1995). Therefore, reducing nutrient sources from the 

mainland is necessary for treating aquaculture 

wastewater in the coastal zone. In addition, the 

conservation of mangroves is also a solution to reduce 

nutrient loads released into the marine environment 

due to filtering pollutants and net sinks of nutrients in 

the coastal estuary area (Lin and Dushoff, 2004; 

Tanaka and Choo, 2000).  

5. CONCLUSION

Ammonium, nitrate, and phosphate in coastal 

waters were influenced by tidal flushing, aquaculture 

discharge, and nutrient exchange between mangrove 

forests and estuarine water in the Red River Delta. The 

variation of nutrients in coastal waters and shrimp 

ponds from the RRD resulted from three main sources 

of mainland discharge, aquaculture activities, and 

decomposition of organic matter in coastal zone. Even 

though the nutrient concentration in intensive shrimp 

ponds was lower than those of extensive shrimp ponds 

and adjacent coastal waters, the effluent discharge 

from this area could be a significant source of nitrogen 

and phosphorus discharge to the environment. This 

research indicated that there had been an increase in 

nutrient concentrations (ammonium, nitrate) in the 

coastal waters and adjacent aquaculture ponds of the 

RRD. The prolonged elevation of nutrient levels in the 

coastal marine environment is expected to result in 

eutrophication, which will have adverse effects on 

mangrove forests, tidal flats, estuaries, and other 

coastal ecosystems. Therefore, spatial and temporal 

monitoring is necessary to clarify the variation and 

dynamics of nutrients in coastal marine environments 

in the future. 
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Sediment transport plays a vital role in river management and flood protection, 

particularly in regions prone to erosion and deposition. The study aims to assess 

the impact of roughness modification on the sediment transport process in the 

Medjerda, Tunisia’s longest perennial river, following a decade of dredging 

activities implemented for flood protection measures in the Boussalem city. We 

used the Telemac Sisyphe model to stimulate sediment 17.8 km section, which 

regularly undergoes dredging crossing the city of Boussalem. This section 

contains two distinct parts: first a smooth riverbed followed by the variable 

roughness on both sides of the banks, which is influenced by the existing 

vegetation cover. The study developed four simulation scenarios, with a smooth 

riverbed maintained in call cases while the roughness of the second part 

increasing from smooth to rough. The model-generated outputs facilitated a 

comprehensive longitudinal and transverse comparative analysis, focusing on 

flow velocity, shear stress, and bed evolution profile in response to varying 

roughness levels. The results show a reduction in erosion and deposition 

phenomena as the roughness as the bank’s roughness increases. this the crucial 

role of vegetation in stabilizing river banks by, strengthening the cohesion of the 

riverbed, thus minimizing erosion risks and excessive sediment transport, 

ultimately maintaining the riverbed’s integrity. These findings contribute to 

understanding of sedimentation patterns in the Medjerda River and facilitated the 

prediction of potential impacts on its fluvial morphology. 
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1. INTRODUCTION

Erosion processes, sediment supply, and their 

transport are essential elements of river system 

functioning (Nazi et al., 2016), significantly influencing 

river morphology by altering their shape and structure 

over time. The mechanisms of aggradation, 

characterized by sediment accumulation, and 

degradation, resulting from bed erosion, contribute to 

the development of a distinct topography within the 

riverbed (Mugade Mugade and Sapkale, 2015). These 

dynamic processes, which are influenced by the 

movement and redistribution of sediment particles 

(Vargas-Luna et al., 2019), play a key role in the 

continuous evolution of river morphology, leading to 

a distinct and recognizable geomorphological 

configuration. However, the transport capacity of a 

river channel can diminish when large quantities of 

sediment accumulate in the riverbed, increasing the 

risk of the rivercourse shifting into adjacent areas 

(Badoux et al., 2014; Rickenmann et al., 2016). 

Typically, sediment transport rates are estimated using 

empirical equations (Meyer-Peter and Müller, 1948; 

van Rijn, 1984; Einstein, 1950; Wilcock and Crowe, 

2003), which are largely based on laboratory 

experiments that often oversimplify real-world 

conditions. More recent equations, which incorporate 

some field data, offer improved accuracy in 

representing natural processes (Recking, 2013). 

Riverbanks provide a particularly favorable 

environment for vegetation. This vegetation increases 

Citation: Saber H, Hela R, Amel S, Azeddine K. Roughness variation impact on the morphological evolution at the Medjerda River: Telemac 2D-

Sisyphe Modeling. Environ. Nat. Resour. J. 2025;23(1):65-79.  (https://doi.org/10.32526/ennrj/23/20240043)
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local roughness, alters flow patterns, and adds 

additional resistance, thereby reducing bed shear 

stress and promoting local sediment deposition (Luca 

et al., 2020). Roughness increases with the height and 

density of the vegetation. Vegetation significantly 

reduces sediment transport rates, especially when 

vegetation density is high (Penna et al., 2022; Li et al., 

2022). Fortes et al. (2022) demonstrated, using a 

dynamic roughness model, that the water level profile 

increased by an average of 7.03%, thereby inferring 

the seasonal effect of vegetation. Fan et al. (2023) 

studied the relative roughness of riverbanks compared 

to the bed roughness, a key factor in the anti-erosion 

of river boundaries, using a rectangular cross-sectional 

model. The results reveal an optimal width-to-depth 

ratio for each value of relative roughness (λ). Thus, an 

increase in λ leads to a 36.46% reduction in river width 

and a 28% increase in depth. Furthermore, Fan et al. 

(2020) demonstrated that varying the bank angle from 

0° to 60° results in a 34.84% increase in channel width 

and a 13.29% decrease in depth, with other hydraulic 

parameters remaining relatively constant. 

In recent decades, rivers worldwide have been 

subjected to significant anthropogenic interventions, 

such as bank reinforcement, dam construction, urban 

expansion in floodplains, agricultural development, 

and deforestation practices (Nanson et al., 2010). 

Morphological models coupled with hydrodynamic 

models (Reisenbüchler et al., 2019) have now been 

applied to various rivers of different sizes and 

characteristics to examine channel evolution (Guan et 

al., 2016; Tu et al., 2017; Ramirez et al., 2020). For 

example, Yassine et al. (2023) developed a 2D 

hydromorphodynamic model with the TELEMAC-

MASCARET system for the section of Lac des Gaves 

in the Hautes-Pyrénées to reproduce bed changes 

following the 2018 flood. Their study showed that the 

Meyer-Peter-Müller and Recking sediment transport 

equations, coupled with Ferguson and Strickler 

friction laws, are crucial for realistic simulations. 

Meanwhile, Nazarjani et al. (2023) revealed 

significant instability in 71% of the Kashafrood River 

sections in Iran, with high erosion potential 

exacerbated by human activities such as land use 

changes and dredging. This instability has already led 

to the demolition of some infrastructure due to severe 

erosion, highlighting the impact of human 

interventions on fluvial conditions. 

The Medjerda is the only perennial river in 

Tunisia, collecting half of the country’s exploitable 

surface water from the north. Significant sediment 

deposits, partly due to frequent moderate floods and 

hydraulic structures, have led to modifications in the 

riverbed (Gharbi, 2016). Various studies have 

analyzed sediment transport processes in the 

Medjerda, notably Gharbi et al. (2016), who used 

Telemac 2D and Sisyphe to study sediment transport 

during floods and its effects on river morphology, 

demonstrating a close link with flood issues. Morri et 

al. (2016) applied the same model to simulate flow, 

sediment transport, and morphological changes in the 

presence of vegetation, integrating hydraulic 

resistance through an adapted friction coefficient in 

the Medjerda. 

In our previous work, we modeled flows in the 

Medjerda River using TELEMAC 2D and HEC-RAS 

to map floods and assess the impact of dredging 

works, as well as to create scenarios and risk maps for 

return periods up to 100 years. Our calibration results 

revealed the Manning’s coefficient values for the 

different studied areas as follows: minor bed (without 

vegetation): 0.033 s/m⅓, middle bed occupied by 

Tamarix: 0.10 s/m⅓, cleared middle bed: s/m⅓, major 

bed (agricultural zone): s/m⅓, and major bed (urban 

zone): 0.2 s/m⅓ (Hammami et al., 2022; Hammami et 

al., 2023; Hammami et al., 2024). Consequently, the 

roughness of the riverbanks ranges between 0.03 s/m⅓ 

(smoother, dredged) and 0.10 s/m⅓ (rougher, dense 

vegetation). The objective of this study is to determine 

the impact of the relative roughness of the banks on 

the morphology of the wadi, shear stress, and 

consequently, on sediment transport in the river. To 

achieve this, the Telemac2D hydrodynamic model 

was coupled with the Sisyphe sediment transport 

model. This combination allows for detailed 

simulation of the complex interactions between water 

flow, bank roughness, and sediment transport 

processes, to better understand and predict 

morphological changes in the riverbed under different 

conditions. To this end, we maintained the river’s 

minor bed smooth while progressively increasing the 

roughness of the banks from 0.03 s/m⅓ to 0.09 s/m⅓. 

This approach allows for the analysis of the effects of 

increasing bank roughness on hydrodynamic and 

sedimentary parameters.   

2. METHODOLOGY

2.1 Study area

A stretch of the Medjerda River passing through 

the city of Boussalem, located between the coordinates 

36°36'40" N, 8°58'11" E, within the alluvial plain of 

the upper Medjerda Valley, has been selected to 
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illustrate the aforementioned impacts, where the 

Medjerda River undergoes regular dredging works to 

combat flooding. The total length of this section is 

17.8 km. The study area is situated 20 km upstream 

from the Sidi Salem Dam (Figure 1), which has a 

significant influence on sedimentation in the study 

section. Indeed, since its construction and 

impoundment, the dam has resulted in the formation 

of a sediment plug at the entrance of the reservoir, 

requiring approximately the Boussalem City to be 

reached for the dam’s impact to dissipate. 

Figure 1. Location of the study area (Boussalem City: 36°36′40″ N, 8°58′11″ E) 

2.2 Model and conceptual scheme 

The TELEMAC-MASCARET system, an 

open-source software, is used for numerical 

simulations, including free surface flows, sediment 

transport, waves, and water quality (Hervouet, 2003). 

To model hydrodynamic and morphodynamic 

processes, we have selected the TELEMAC2D and 

SISYPHE modules. TELEMAC2D is used to simulate 

free surface flows and hydrodynamic interactions, 

while SISYPHE is employed to model sediment 

transport and morphological changes in the riverbed. 

The integration of these two modules allows for a 

comprehensive and coherent analysis of river 

dynamics under different roughness conditions, 

providing a powerful tool for studying riverbed 

evolution and sediment interactions. 

For suspended sediment transport, SISYPHE 

solves the advection-diffusion equation for sediment 

concentration, accounting for turbulence effects and 

settling velocities, which is essential for simulating the 

movement of particles in the water column. 

Meanwhile, bedload transport is modeled using 

specific equations, such as the Meyer-Peter and Müller 

equation, to represent the movement of sediments 

along the riverbed under the influence of flow forces. 

2.2.1 Hydrodynamic module 

TELEMAC 2D solves the Saint-Venant 

equations to simulate free surface flows, which are 

decomposed into mass and momentum conservation 

equations. 

∂h

∂t
+ u × ∇(h)  +  h∇ × (u)  =  0

∂u

∂t
+ u × ∇(u)  = −gdx zf − gSf,x + h−1∇  × (hvt∇u)

∂v

∂t
+ u ×  ∇(v)  =  −gdy zf −  f Sf,y  + h−1∇  × (hvt∇v) 

Where; t [s] is the time, ∇= ∂x, ∂y)  is the 

gradient field, g = 9.81 ms−2 is the acceleration due to 

gravity, h [m] is the water depth, u=(u,v) [m/s] is the 

average depth velocity vector with u  and v  [ms⁻¹] 

being the components along the longitudinal x and 

transverse y axes, respectively, with {u} [ms⁻¹] being 

the magnitude of u, and vt [m²s⁻¹] is the turbulent 

viscosity term. 

2.2.2 The 2D sediment transport model 

In SISYPHE, there are two sediment transport 

modes based on transport mechanisms: bed load and 

suspended load:  
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qt = qb + qs    

Where; qt is the total sediment transport, qb is 

the bed load transport, and qs is the suspended load 

transport. 

2.2.3 Suspended sediment transport module 

Suspended transport is the portion of sediment 

carried by a liquid flow that settles slowly enough that 

it almost never touches the bed. It is kept in suspension 

due to the turbulence of the moving water and 

typically consists of fine sand particles, silt, and clay. 

Suspended sediment transport is accounted for by 

SISYPHE by solving the two-dimensional advection-

diffusion equation, expressed by: 

∂hC

∂t
+

∂huC

∂x
+

∂hvC

∂y
=

∂

∂x
(hεs

∂C

∂x
) +

∂

∂y
(hεs

∂C

∂y
) + E − D 

Where; c=c(x, y, t) is the depth-averaged 

concentration expressed as a volume percentage (-), 

and εs  is the turbulent diffusivity of sediments, often

related to the turbulent viscosity εs =
vt

σc
, with  σc being

the Schmidt number, equal to 1.0 in SISYPHE. The 

non-cohesive deposition rate is D = wsCZref
, where ws

is the sedimentation velocity and Zref is the 

concentration near the bed, assessed at the interface 

between bed load and suspended load transport, =Zref. 

The non-cohesive erosion rate is =wsCeq, where Ceq is 

the equilibrium concentration near the bed determined 

using an empirical formula. 

2.2.4 Bedload sediment transport 

The term “bedload” refers to the particles in a 

moving fluid (typically water) that are transported 

along the bed. Bedload moves through rolling, sliding, 

and/or saltation (hopping). The morphodynamic 

module is based on the Exner equation (Exner, 1920), 

which can be coupled with the hydrodynamic module 

equation. 

(1 − γ)
 ∂Zb

∂t
+ ∇  ×  Qb  =  0

With Qb being the volumetric transport rate per 

unit width without pores (m²/s), Zb the bed elevation 

(m), and γ  the bed porosity. The dimensionless 

sediment transport rate induced by the current qb
∗  is 

expressed by: 

qb
∗ =

Qb

√g(
ρs
ρ

−1)d3

With ρs being the sediment density (kg/m³); ρ 

the water density (kg/m³); and d the grain diameter 

(=d50 for a uniform sediment distribution (m)). 

Bedload transport formulas are generally calculated 

based on the Shields number , given by the formula: 

θ =  
 µτb

(ρs −ρ) gd

With b being the bed shear stress [Pa] and μ the 

correction factor for surface friction. The Meyer-

Peter-Müller equation is a threshold equation, and its 

original formulation considers a critical Shields 

parameter equal to 0.047. The equation is written as 

follows: 

qb
∗  =   8(θ − θcr) 

3
2⁄ =  8(τ∗ − τc

∗)
3

2⁄

Where; * is the critical bed shear stress, 

expressed as τ∗ =
τ

(ρs−ρ)d50
 and c

*=0.047 is the 

minimum shear stress required to initiate sediment 

particle movement, often called the critical shear 

stress, which is a key parameter in sediment transport. 

It corresponds to the force exerted by the water flow 

on the sediment particles that is sufficient to overcome 

resisting forces, such as cohesion and weight, thereby 

causing the onset of particle movement. 

Knowing that: 

 The hydraulic friction coefficient Manning-

Strickler is =
U

R
h

3
2⁄

 S 
1

2⁄
, where U [ms⁻¹] is the average 

flow velocity, S [mm-1] is the bed slope, and Rh [m] is 

the hydraulic radius. 

 The grain roughness coefficient can be

estimated based on the grain size distribution as  K′ =
26

d90

1
6⁄
 , where d90 is the diameter corresponding to 

approximately 90% by weight of the grains. 

The Meyer-Peter-Müller equation is written as 

follows: 

qb
∗  =   8 [(

K′

K
)

3
2⁄ τ∗ − 0.47) ]

3
2⁄

The Telemac-Sisyphe coupling is designed to 

address a set of morphodynamic issues (sediment 

transport and bed evolution) and is particularly suited 

for assessing sediment stock response to 

hydrodynamic conditions, notably bed shear stress. 

This coupling represents an integrated approach for 

the numerical modeling of free-surface flows and 

sediment transport in riverine, estuarine, and coastal 
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environments. These two models are often used 

synergistically to provide a more comprehensive 

representation of hydrodynamic and sedimentary 

processes. 

The coupling is achieved in a chained fashion 

with an update of the domain geometry for each time 

step. In other words, the hydrodynamic module is 

executed first, followed by the morphodynamic 

module using the hydrodynamic results (Gharbi et al., 

2016). Subsequently, an update of the domain 

geometry is performed before the next time step 

(Figure 2). 

2.3 Roughness calibration 

In our previous work, we modeled flows in the 

Medjerda River using TELEMAC 2D and HEC-RAS 

to map floods and assess the impact of dredging 

operations. The calibration results provide Manning’s 

roughness coefficient values for the different studied 

areas: minor bed (without vegetation): 0.033 s/m⅓, 

middle bed occupied by Tamarix: 0.10 s/m⅓, dredged 

middle bed: 0.4 s/m⅓, major bed (agricultural area): 

0.6 s/m⅓, and major bed (urban area): 0.2 s/m⅓ 

(Hammami et al., 2023). Therefore, the roughness of 

the banks ranges from 0.03 s/m⅓ (smoother, dredged) 

to 0.10 s/m⅓ (rougher, dense vegetation). 

We chose a simplified configuration of the river 

section containing two distinct parts: the first part, 

located at the riverbed, which is completely smooth 

with a roughness coefficient of 0.03 s/m⅓, and includes 

the minor bed and the dredged middle bed. The second 

part, located on both sides of the banks, has variable 

roughness depending on the pre-existing vegetation 

cover (Figure 3). The scenarios we studied were 

designed with a fixed roughness for the riverbed, kept 

smooth, while the roughness of the banks was varied 

from the smoothest to the roughest. Four simulation 

scenarios were established, progressively increasing the 

roughness of the banks with respective values of 0.03 

s/m⅓, 0.05 s/m⅓, 0.07 s/m⅓, and 0.09 s/m⅓. 

Figure 2. Simplified diagram of the Telemac-Sisyphe coupling 

Figure 3. Roughness distribution in the Medjerda Section 
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To assess the impact of the non-uniform 

distribution of boundary roughness on the river 

morphology, we selected Einstein’s method (Einstein, 

1942; Einstein, 1950), which suggested using 

hydraulic radius segmentation to partition boundary 

resistance. This method incorporates Manning’s 

formula for channel resistance segmentation. The 

specific formulation is as follows: 

(n) 3/2P =  (nb)3/2 Pb  +  (nw)3/2 Pw

Where; nb and nw are respectively the overall 

roughness coefficient of the cross-section, the 

roughness coefficient of the riverbed, and the 

roughness coefficient of the bank, and P, Pb, and Pw 

are respectively the wetted perimeter of the entire 

cross-section, the riverbed, and the bank. 

P =  Pb  +   Pw

The relative roughness of the banks compared 

to the riverbed is represented by the variable λ, defined 

as follows: 

λ =  (nw) 3/2/(nb)3/2

2.4 Data and post-processing 

This research requires primary data, particularly 

post-processing of topographic data. The considered 

area covers an equal surface of 40.71 km² with a river 

length of approximately 17.8 km. We created an 

unstructured surface mesh using the Blue Kenue 

model, based on the finite element method. This mesh 

was generated from a set of points derived from a 

LIDAR survey covering the area of interest, including 

riverbeds and floodplains. The LIDAR data was 

obtained from the Ministry of Agriculture. 

Given the main objective of our study, which 

focuses on flows in the minor channel with relatively 

low discharge that does not impact floodplains, we 

opted for a variable mesh. More specifically, we chose 

a finer mesh for the minor channel, with a mesh size 

of approximately 5 m longitudinally to accurately 

represent flows along the main direction. For the rest 

of the domain, the mesh size is maintained at around 

50 m. The grid, illustrated in the figure, consists of 

54,279 nodes and 108,211 elements (Figure 4). 

Figure 4. Study area grid with Telemac 2D 

2.5 Sediment size distribution 

A crucial aspect of sediment transport modeling 

is visualizing the evolution of sediment composition in 

relation to variations in flow. This visualization helps to 

better understand how changes in flow conditions affect 

the grain size distribution of sediments, their erosion, 

deposition, and consequently, the morphological 

evolution of the riverbed over time. The grain size 

distribution of sediments in the Oued Medjerda was 

determined through sieving and sedimentation after a 

sampling campaign under different flow conditions. 

These analyses, conducted by DGRE (2004), are used 

in this study. 

For evaluating sediment transport rates, unlike 

conventional models that consider only a single 

average diameter, SISYPHE offers a non-uniform 

(multi-size) model. These non-uniform sediment 

models rely on a complex sedimentary description, 
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considering several granulometric fractions that 

closely resemble real-world conditions. 

While suspended sediment transport is 

predominant, the impact of bedload sediment transport 

on the morphological evolution of the Medjerda should 

not be overlooked. Downstream of the confluence with 

the Oued Tessa, coarser sediments, sometimes up to 5 

cm in diameter, have been observed up to 2 km 

downstream. Sandbanks have also been observed near 

the Bousalem Bridge. This indicates that significant 

flood events can transport these bedload sediments. 

The percentage of sediment transport by bedload can 

reach 20 to 25% of the total sediment transport during 

exceptional flows (Gharbi, 2016). Therefore, we used 

these 5 classes of mean diameter for each scenario. 

Given the significant variation in particle diameters 

transported by bedload, we chose a diameter of 1 mm 

for sand particles (Table 1). 

Table 1. Variation in sediment diameters based on water discharge 

Q (m³/s) % Clay (< 2 μm) % Fine silt (2-20 μm) % Coarse silt (20-50 μm) Sand (> 50-2,000 μm) 

100 25 32 29 14 

200 26 28 27 19 

2.6 Simulation scenarios and boundary conditions 

The configuration of this section contains two 

distinct parts: the first part, located at the riverbed with 

a width less than 10 m, is entirely smooth with a 

roughness coefficient of 0.03 s/m⅓. The second part, 

situated on both sides of the banks, exhibits variable 

roughness depending on the pre-existing vegetation 

cover. Four simulation scenarios were established, 

keeping the riverbed smooth and gradually increasing 

the roughness of the second part, with respective 

values of 0.03 s/m⅓, 0.05 s/m⅓, 0.07 s/m⅓, and 0.09 

s/m⅓. These four scenarios are replicated for two 

constant discharge values of 100 m³/s and 200 m³/s, 

chosen as open boundaries at the model inlet. The 

output data is assigned to height data corresponding to 

the rating curve of the last section. Calibration results 

from our previous studies in the analysis and mapping 

of floods in the Boussalem city will be taken into 

account. 

2.7 Sediment transport analysis 

The longitudinal profile analysis of the studied 

section of the Medjerda provides significant insights, 

highlighting a notable change in slope near the old 

bridge of Boussalem (Figure 5), where a slight 

increase from 0.24% to 0.36% is identified. Sandbars 

have also been observed near the Boussalem Bridge. 

Since the bed of the Medjerda, is mainly composed of 

silts and clays, the very low slopes of the riverbed do 

not allow for significant transport of coarser sediments 

by bedload. 

Figure 5. Sediment deposits in the Medjerda River (downstream view of the old bridge of Boussalem) 

71



Saber H et al. / Environment and Natural Resources Journal 2025; 23(1): 65-79

The comparison between the 2007 and 2019 

profiles reveals, upstream of the old bridge of 

Boussalem, moderate sedimentation with rates of 3.4 

and 2.5 m³/mL/year (Figure 6). These rates, relatively 

low, take into account the dredging works carried out 

in the relevant sections, making it difficult to provide 

a precise quantitative estimation of the sedimentation 

process in this part. However, on the lower part, 

sedimentation increases significantly, reaching 9.5 

m³/mL/year; this section corresponds to the entry of 

the influence zone of the dam on the longitudinal 

profile of the Medjerda. Given the limited changes in 

the longitudinal profile and the modest volumes 

transported by bedload, the observed changes in the 

sections are primarily attributable to variations 

(sedimentation/erosion) of fine particles within the 

sections. 

Figure 6. The riverbed evolution between 2007 and 2019 in the study area 

3. RESULTS

The outputs generated by the model allowed us 

to conduct a comprehensive comparative analysis, 

focusing on flow velocity, shear stress, and bed 

evolution along the longitudinal profile and within 

each section. This helps in better understanding 

sedimentation patterns, predicting potential impacts 

on fluvial morphology, and aiding in the development 

of sustainable water resource management strategies 

in the Medjerda Basin. 

3.1 Velocity, shear stress, and bed evolution in a 

dredged riverbed 

Figure 7 illustrates the velocity evolution along 

the longitudinal profile of the flow section in the first 

scenario, where the riverbed is considered completely 
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smooth. This scenario reflects the immediate reality on 

the ground after the completion of dredging works. It 

can be observed that the velocity undergoes multiple 

fluctuations, resulting from various factors such as 

slope, flow section width, depth, and changes in flow 

direction. The velocity decreases by approximately 0.2 

m/s on average between the two discharges along the 

longitudinal profile. 

Figure 7 also presents the calculated shear stress 

values for both discharges and at each section. Shear 

stress, representing the force per unit area acting 

parallel to the flow direction, influences the movement 

or retention of sediments on the riverbed. Despite the 

observed fluctuations due to different factors 

governing the flow, there is a clear increase in shear 

stress, with an average of 2.3 N/m² with the increase 

in discharge. 

The bed Shear stress is directly related to 

sediment transport capacity. An increase in shear 

stress leads to an increase in sediment transport and 

deposition, as clearly illustrated in Figure 8 where the 

longitudinal bed evolution is compared for the two 

discharges. It is observed that this evolution is more 

pronounced with the increase in discharge, reaching an 

average difference of 20 cm. This increase is explained 

by the increased force, causing erosion of the banks. 

The particles thus eroded subsequently undergo 

sedimentation in the flow bed.  

Figure 7. Velocity and longitudinal shear stress in a dredged riverbed for Q=100 m³/s and Q=200 m³/s 

Figure 8. Longitudinal bed evolution in a dredged riverbed for Q=100 m³/s and Q=200 m³/s 
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3.2 Effect of roughness variation on velocity, shear 

stress, and bed evolution in transverse sections 

Roughness increases in tandem with vegetation 

development. To assess the influence of vegetation on 

particle transport, we kept the riverbed smooth and 

gradually increased the roughness on both banks. 

Values of 0.03 s/m⅓, 0.05 s/m⅓, 0.07 s/m⅓, and 0.09 

s/m⅓ were respectively assigned to the vegetated area 

(Figure 9). 

A cross-sectional analysis of the three 

parameters, namely velocity, shear stress, and bed 

evolution, was conducted for the four scenarios. As for 

the velocity (Figure 10), it exhibits a parabolic 

increase, reaching zero at the ends of both banks and 

attaining its maximum value in the middle of the 

section for the maximum water height. On the banks, 

we observe that the speed decreases as the roughness 

increases. 

Figure 9. Variation of bed roughness in a cross-section 

Figure 10. The average velocity Evolution in a cross-section as a function of roughness change for Q=100 m³/s (a) and Q=200 m³/s (b) 

Furthermore, the evolution of the bed reveals 

the presence of two distinct regions. A deposition zone 

is observed on the smooth bed, while an erosion zone 

is noted along both banks, with a proportional 

decrease as roughness increases. For instance, under a 

discharge condition of 200 m³/s, erosion decreases 

from 50 cm in the first scenario to 8 cm in the second 

scenario, almost disappearing in the last two scenarios. 

Meanwhile, the calculated maximum deposits are 80 

cm, 41 cm, 28 cm, and 17 cm respectively for the four 

scenarios. This trend naturally stems from the 

reduction in the quantity of sediment transported by 

the water (Figure 11). 
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For the shear stress (Figure 12), it is observed 

that it increases as the roughness increases along the 

banks of the wadi. For a flow rate of 100 m³/s, the 

respective values are 6.1, 8.2, 10.2, and 12 N/m² for 

the four scenarios. In the middle part of the flow where 

the bed remains smooth, it is observed that the shear 

stress decreases for the four scenarios, with respective 

values of 6, 4.2, 3.1, and 2.6 N/m². 

Analyzing these results, it becomes clear that 

vegetation plays a crucial role in preserving bank 

stability by acting as an effective barrier against 

particle detachment and suspension. This conclusion 

is particularly reinforced by the observation in the last 

graph, where shear stress increases proportionally 

with the roughness coefficient on both banks. These 

findings suggest that the vegetation contributes to 

enhance the cohesion of the riverbed, minimizing 

the risks of erosion and excessive sediment 

transport (Figures 11 and 12). The combined effect 

of vegetation-induced roughness appears to play a 

crucial role in preserving bank stability, which can 

have significant implications for the management and 

preservation of river ecosystems 

Figure 11. Bed evolution in a cross-section as a function of roughness change for Q=100 m³/s (a) and Q=200 m³/s (b) 

Figure 12. Bed shear stress evolution in a cross-section as a function of roughness change for Q=100 m³/s (a) and Q=200 m³/s (b) 

3.3 Effect of roughness variation on the 

longitudinal evolution of the bed 

The Figures 13 and 14 present a detailed analysis 

of the longitudinal evolution of the riverbed in response 

to variations in bank roughness under different 

scenarios and for the two distinct imposed flow rates. 

For a flow rate of 100 m³/s, the maximum deposition 
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respectively, while the maximum erosion decreases to 

values of 28 cm, 25 cm, 22 cm, and 11 cm. For a flow 

rate of 200 m³/s, the maximum deposition decreases to 

values of 150 cm, 72 cm, 42 cm, and 23 cm, 

respectively, and the maximum erosion decreases to 

values of 31 cm, 28 cm, 25 cm, and 22 cm, respectively. 

The observation of the data reveals a significant 

relationship between bank roughness and erosion and 

deposition phenomena in the riverbed. 

When bank roughness increases, a noticeable 

trend emerges: the magnitude of erosion and deposition 

processes decreases. This observation suggests a 

substantial effect of the bank roughness on the 

sedimentary dynamics of the watercourse. It is essential 

to notice that this trend is observed while keeping 

hydraulic parameters constant for the different 

scenarios studied, confirming the specificity of the 

effect of the bank roughness on the sediment transport. 

The reduction in the magnitude of erosion and 

deposition phenomena indicates a relative 

stabilization of the riverbed as the bank roughness 

increases. This stabilization can be attributed to a 

decrease in the local flow velocity and an increase in 

shear stresses along the riverbed, resulting from 

increased roughness. These changes in hydraulic 

dynamics influence the river's ability to transport and 

deposit sediments. 

Figure 13. Evolution of longitudinal bed level in relation to variations in roughness for Q=100 m³/s. 

Figure 14. The longitudinal bed level evolution in relation to variations in roughness for Q=200 m³/s. 
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4. DISCUSSION

To better understand the impact of relative 

roughness on the morphology of the Oued, we 

calculated the following in the table: the average bed 

elevation (ζmb), the average bed shear stress (τmb),

and the corresponding bed flow velocity (Umb) for

each scenario and for both discharge rates.  

As relative roughness (λ) increases, the average 

bed shear stress (τmb) significantly decreases for a

discharge of 100 m³/s, dropping from 5.34 N/m² to 

4.89 N/m², which is a reduction of approximately 

8.4%. Similarly, for a discharge of 200 m³/s, 

τmb decreases from 7.46 N/m² to 6.52 N/m²,

representing a reduction of 12.6% with the increase in 

relative roughness (Table 2). This trend indicates that 

increasing relative roughness reduces the stress 

exerted by the flow on the smooth riverbed. 

Table 2. Impact of relative roughness on bed elevation, shear stress, and flow velocity 

The average bed elevation ( ζmb ) decreases

markedly with increasing relative roughness (λ). For a 

discharge of 100 m³/s, ζmb drops from 0.241 m to

0.007 m. Similarly, for a discharge of 200 m³/s, 

ζmb decreases from 0.431 m to 0.010 m. Given that the

flow depth is around 3.32 m, the increase in relative 

roughness λ represents a depth increase of 7% and 

12% respectively for the 100 m³/s and 200 m³/s flows 

(Table 2). 

The bedload discharge significantly decreases 

with increasing relative roughness. For a discharge of 

100 m³/s, qb
∗  decreases from 1.72×10-5 m³/s to

0.20×10-5 m³/s as λ increases, representing a reduction 

of about 88%. Similarly, for a discharge of 200 m³/s, 

qb
∗  decreases from 3.32×10-5 m³/s to 0.98×10-5 m³/s, 

which is a reduction of approximately 70% (Table 2). 

This marked decrease in bedload discharge with 

increasing relative roughness indicates the significant 

role of vegetated banks in reducing transported 

sediment. Our analyses suggest that dredging, 

although often used to increase flow discharge during 

flood events, could compromise bank stability by 

disrupting the natural sediment transport balance, 

potentially having adverse effects on the morphology 

of the Oued and on downstream reservoirs 

Our results reflect the trends observed by Fan et 

al. (2023) regarding the increase in depth with 

increasing relative roughness. However, a direct 

comparison is challenging due to the variability in 

river dimensions on one hand, and the use of different 

particle diameter classes on the other. Despite these 

differences, our results confirm the validity of 

previous observations in a slightly modified context. 

Although our model simulates static roughness 

for different scenarios, the results obtained can serve 

as a foundation for initiating a dynamic roughness 

model. If we have real-time data on vegetation 

variability, this model would allow us to analyze the 

corresponding morphodynamic effects. For example, 

Fortes et al. (2022), through a dynamic model, 

demonstrated that the water level profile increased by 

an average of 7.03% over a one-year period, thereby 

highlighting the seasonal effect of vegetation 

5. CONCLUSIONS

The objective of this study was to demonstrate 

how changes in bed roughness influence the 

morphodynamic evolution of the bed in response to 

sediment displacement. The study employed hydro-

sedimentary numerical modeling using the 

hydrodynamic (TELEMAC 2D) and morphodynamic 

(SISYPHE) modules of the TELEMAC-MASCARET 

modeling system. 

To highlight the effect of vegetation installed on 

the riverbanks on sediment transport and 

morphological deformation, we simulated scenarios 

with fixed roughness for the smooth bed and variable 

roughness for the banks, ranging from the smoothest 

to the roughest. Four simulation scenarios were 

established, progressively increasing the bank 

roughness with respective values of 0.03 s/m⅓, 0.05 

s/m⅓, 0.07 s/m⅓, and 0.09 s/m⅓. 

Q= 100 m³/s Q= 200 m³/s 

𝜁𝑚𝑏 [m] 𝜏𝑚𝑏

[Nm⁻²] 

𝑈𝑚𝑏 [ms⁻¹] 𝑞𝑏
∗[m³s⁻¹] 

(E-05) 

𝜁𝑚𝑏 [m] 𝜏𝑚𝑏 [Nm⁻²] 𝑈𝑚𝑏 [ms⁻¹] 𝑞𝑏
∗[m³s⁻¹] 

(E-05) 

𝜆1=1 0.241 5.34 0.93 1.72 0.431 7.46 1.15 3.32 

𝜆2=2.15 0.053 5.28 0.84 0.92 0.150 7.08 1.02 2.02 

𝜆3=3.56 0.018 5.05 0.74 0.36 0.054 6.83 0.94 1.49 

𝜆4=5.19 0.007 4.89 0.68 0.20 0.010 6.52 0.88 0.98 
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We analyzed the results on a control transverse 

section, as well as along the profile of the river. This 

analysis mainly focused on parameters of velocity, 

evolution, and shear stress. The results reveal two 

distinct zones in the evolution of the riverbed: a 

deposition zone on the smooth bed and an erosion zone 

along the banks. Erosion along the banks decreases 

proportionally with increasing roughness. This trend 

naturally results from the decrease in shear stress, 

which leads to a reduction in the amount of sediment 

transported by the water. 

To assess the impact of the non-uniform 

distribution of bed roughness on the river’s 

morphology, we used Einstein’s method, which 

suggested using hydraulic radius segmentation to 

partition boundary resistance. For each relative bank 

roughness (λ), we calculated the average bed elevation 

(ζmb), the average bed shear stress (τmb), the flow

velocity at the bed (Umb), and the bedload discharge

(qb
∗ ) for each scenario. 

The results showed that the average bed 

elevation (ζmb) decreases significantly with increasing

relative roughness (λ). Given that the flow depth is 

around 3.32 m, increasing the relative roughness λ 

from 1 to 5.19 results in an increase in depth of 7% 

and 12% respectively for flow rates of 100 and 200 

m³/s. Our results reflect previously observed 

laboratory trends regarding the increase in depth with 

increasing relative roughness. However, direct 

comparison is challenging due to variability in river 

dimensions and the use of different particle diameter 

classes. Despite these differences, our results confirm 

the validity of previous observations in a slightly 

modified context. 

The results also show that: 

 With increasing relative roughness (λ), the

average shear stress (τmb) decreases significantly by

about 8.4% and 12.6% respectively for flow rates of 

100 and 200 m³/s. 

 The bedload discharge (qb
∗ ) decreases

significantly with reductions of approximately 88% and 

70% respectively for flow rates of 100 and 200 m³/s. 

Although dredging works combat flooding by 

facilitating flow transit, they lead to increased amounts 

of transported sediments that will deposit downstream 

in the dams due to the removal of vegetation, which is 

crucial for the morphological stability of the river. 

This reduces the exploitable water volume in the dams 

and accelerates its silting. The results obtained can 

serve as a foundational basis for initiating a dynamic 

roughness model if real-time roughness variability 

data is available. 
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trends, distribution, and relation with selected variables found in the sub-tropical 

forests of Madhesh Province of Nepal, and then identify potential fire risks and 

vulnerable areas. The selected fire incidents were analyzed using fire points 

produced by the moderate resolution imaging spectroradiometer (MODIS) 

sensor. Following the analytic hierarchy process (AHP) approach, this research 
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fire incidents and 6,158.22 km2 of total burnt area were reported in the study area. 

Overall, the Mann-Kendall test showed an increasing trend for regional fire 

incidents. It has been found that about 24% of the province is either at high or 

very high risk for fire. The validity of the prediction map was confirmed with an 
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land planners in building a landscape-level forest fire management plan for high-

risk areas. 
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1. INTRODUCTION

Wildfire or forest fire, although an important 

component of biome development in forest ecosystem 

(Dawson et al., 2001; Doerr and Santín, 2016) has 

been a driving factor for forest degradation globally, 

and a major risk to Nepal’s forest cover (Singh, 2017). 

Recurrent forest fires destroy non-timber forest 

products, severely harming and hindering seedling 

regeneration and growth, and, in some situations, 

facilitating the spread of exotic species (MoFSC, 

2016).  

Monitoring and assessment of forest fires and 

prone areas with remote sensing has been an effective 

approach for evaluating, regulating, and predicting fire 

risks (Qadir et al., 2021). Numerous geosynchronous 

satellites, including the along track scanning 

radiometer (ATSR) onboard, ERS-1 and 2 (European 

Remote Sensing Satellite 1 and 2), the moderate 

resolution imaging spectroradiometer (MODIS) 

onboard the Terra and Aqua Satellites have been 

frequently used in monitoring forest fires (Curkovic, 

2012). MODIS, acquiring its synoptic source of 

information from routine satellite observation on 

various temporal scales, has proven to be 

advantageous for the monitoring of forest fires 

(Reeves et al., 2006). In line with this, Pradhan et al. 

(2007) produced a susceptibility map based on the 

correlation between MODIS fire incident points and 

the associated contributing factors.  

Among many techniques for calculating and 

modeling fire risk areas, multi-criterion decision 

analysis (MCDA) and geographic information system 

(GIS) have been most adopted (Wang et al., 1990; 

Joerin et al., 2001; Yu et al., 2011; Zolekar and 

Bhagat, 2018), where MCDA techniques offer 

solutions with user-defined needs. Different literatures 

Citation: Adhikari G, Joshi KP, Chad D, Ghimire A, Mahara S. Spatial dynamics and risk mapping of forest fires in Madhesh Province, Nepal: A 

multi-criteria decision approach. Environ. Nat. Resour. J. 2025;23(1):80-94.  (https://doi.org/10.32526/ennrj/23/20240124)
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have prompted the use of MCDA techniques including 

analytical hierarchy process (AHP), Fuzzy AHP, and 

ANP (citations of papers using AHP, Fuzzy AHP, and 

ANP). Among others, AHP is a thorough structured 

technique for multi-criteria decision analysis (Kumar 

and Garg, 2017). Most importantly, integrating GIS 

and remote sensing with AHP approaches can give 

policymakers, social networks, forest fire managers, 

and other stakeholders credible information on when 

and where fires are predicted to occur. 

Despite being a small nation with an area of 

147,516 km2, 44.74% of Nepal’s total land area is 

covered with forests and woodlands (FAO, 2020). 

Recent years have shown a growing trend of forest 

fires, where 2021 hit the worst-case scenario as 

compared to past trends (Parajuli et al., 2020). 

Madhesh Province represents the Terai region of 

Nepal and is second to the Chure range in terms of fire 

hotspots in Nepal (Ranabhat et al., 2022), however, no 

research work has addressed the recurrent wildfire 

patterns of the province. Thus, this study responds to 

the necessity of accurately mapping the wildfire risk 

zones to abate the possible abrasion of forest fires in 

the province. Such mapping of forest fire risk zones 

would eventually benefit Nepal’s disaster 

preparedness measures (Parajuli et al., 2020). The 

current study considers the province for the most 

recent trends in forest fires way forwarding further 

opportunities for filling the research void in forest fire 

dynamics of the province. This research identifies 

where and when the fires are most likely to occur in 

the study area, providing a crucial foundation for 

improving current forest fire control strategies.  

2. METHODOLOGY

2.1 Study area

Madhesh province occupies the southern part of 

Nepal within an elevation range of 1,000-3,300 feet, 

located between 22.9734°N and 78.6569°E, and 

bordered by the Siwalik hills on the north, India in the 

south, the Koshi River in the east, and Bagmati 

Pradesh in the west. The province’s lower tropical 

climate dominates over 90% of its total geographical 

area, with the remaining portion experiencing the 

upper tropical climate. Approximately 27.29% of the 

total land area is covered by forest in the province 

(DFRS, 2015). The major forest cover is occupied by 

Shorea robusta forest, followed by the forests of 

Terminalia and Anogeissus, Dalbergia sissoo-Acacia 

catechu, and Bombax riverine. The study primarily 

focuses on the forest region of the area as shown in 

Figure 1. Simultaneously Figure 2 provides the overall 

framework of methodological steps involved in this 

study.

Figure 1. Landcover map of the study area (Source: ICIMOD, 2013) 
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2.2 Acquisition of dataset 

Data available on active fires were extracted 

using the MODIS. The MODIS active fire product 

detects fires burning in 1×1 km2 pixels under cloud-

free conditions (Giglio et al., 2015; Giglio et al 2006). 

The fire incidences from 2001 to 2023 were obtained 

from https://firms.modaps.eosdis.nasa.gov/active_fire/ 

which provides the data for spatial-temporal analysis 

(Qadir et al., 2021). In MODIS, there are different 

levels of confidence from 0 to 100 in the detection 

intervals showing the accuracy of the data. We used 

the data exceeding 30% confidence level in this study 

to avoid false incidents but not ignore small fires 

before previous studies (Giglio et al., 2015; Parajuli et 

al., 2020).  

In the current study, satellite data as well as 

other vector and raster data products were utilized. 

The parameters were divided into topographical 

(elevation, aspect, and slope), climatic (temperature), 

anthropogenic (distance from road and closeness to 

settlement), and biophysical categories (land cover). 

For the topographical data, Aster global DEM model 

V003 was downloaded from the USGS website 

(https://earthexplorer.usgs.gov/) (LP DAAC, 2019) 

and the area of interest was then mosaiced, projected, 

and then clipped consecutively. Then, using the slope 

and aspect function in the ArcGIS 10.8 spatial analyst 

tool (ESRI, 2022), the slope and aspect were obtained 

from the DEM map. The data for land surface 

temperature was obtained by compiling MODIS data 

(MOD11C3) (Wan, 2014). The ArcGIS cell statistics 

tool was used to assemble and integrate the monthly 

data.  For effectiveness, a distinct layer was created by 

averaging the mean monthly temperature for each 

year’s pre-monsoon season (March-May) since the 

majority of forest fire cases occur in this season (Matin 

et al., 2017; Parajuli et al., 2020). Similarly, landcover 

data for the year 2010 was obtained from (ICIMOD, 

2013) providing the classification of all the forest 

types. The data from this year was used since no other 

open-source layers provided the classification of the 

forest types. The dataset on roads and settlements 

was obtained from the Department of Survey 

(https://opendatanepal.com/dataset), and the vector 

polyline and points shapefile were further rasterized 

using the Euclidean distance method under the 

spatial analyst tool. Table 1 provides information on 

the data model and the sources of the various criteria 

maps. All the variables used in the study are visualized 

in Figure 2. 

Table 1. Datasets used and their sources 

Variable type Data Format Data period Resolution Sources/References 

Dependent variable Fire occurrence data SHP 2001-2023 1,000 m MODIS 

Topographical ASTER DEM TIFF 2019 30 m NASA/LAADSDAAC/USGS 

(V003) (LP DAAC, 2019) Slope TIFF 2019 30 m 

Aspect TIFF 2019 30 m 

Climatic Land surface 

temperature 

HDF 2001-2023 1,000 m MODIS (Wan, 2014) 

Precipitation TIFF 2000-2018 4.5 km Worldclim  

Bio-physical Landcover (2010) TIFF 2010 30 m ICIMOD (ICIMOD, 2013) 

Anthropogenic Proximity of settlement SHP 2015 1:25,000 Department of Survey 

Distance from road SHP 2015 1:250,000 Department of Survey 

2.3 Preparation of variables 

Before running any model, it is imperative to 

statistically test the multicollinearity among the 

response variables as it may later impact the model 

estimation (Chang et al., 2013). In multiple regression 

models, multicollinearity refers to the level of linear 

intercorrelation between the explanatory variables 

(Kim, 2019). So, before relying on the input variable’s 

authenticity, a multicollinearity test was conducted to 

observe the correlation among the independent 

variables in response to the dependent fire count, to 

accurately validate the data and obtain a reliable 

conclusion. All the independent explanatory variables 

were classified as categorical variables before running 

the multicollinearity test. We calculated the Variation 

Inflation Factor (VIF) among the variables since it 

shows the severity of collinearity among the variables. 

The study of Davis et al. (2017) states that the 

variables with VIF<5 have insignificant levels of 

multicollinearity. As visible in Table 2, since the VIF 

for all the eight independent variables ranged below 

1.6, thus indicating a low correlation between the input 

variables, all the variables were used for fire risk 

mapping. 
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As for the trend analysis of forest fire for the 

years 2001-2023, the Man-Kendall test was used for 

both the fire incidents and the burnt area. It assesses 

the significance of the Theil-Sen slope (Mann, 1945) 

and indicates the presence of a trend when the TS 

slope quantifies its magnitude. Different studies like 

Mishra et al. (2014) and Zhu et al. (2023), have used 

it for forest fire and burnt area trend and significance 

estimation. Furthermore, to analyze the spatial 

distribution of forest fire counts across different 

variables, Arc GIS 10.8 (ESRI, 2022) was used to 

overlay the incidents and variables. 

Figure 2. Variables (a) slope, (b) aspect, (c) elevation, (d) land surface temperature, (e) proximity of settlement, (f) distance from road, 

and (g) precipitation  

(a) 

(b) 

(c) 
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Figure 2. Variables (a) slope, (b) aspect, (c) elevation, (d) land surface temperature, (e) proximity of settlement, (f) distance from road, 

and (g) precipitation (cont.) 

(d) 

(e) 

(f) 

(g) 
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Table 2.VIF test of all the independent variables 

Type of variable Variable name Collinearity statistics 

Tolerance VIF 

Independent Explanatory Variables Slope 0.968 1.033 

Settlement 0.728 1.374 

Road distance 0.656 1.524 

LST 0.650 1.538 

Elevation 0.999 1.001 

Land cover 0.808 1.237 

Aspect 0.999 1.001 

Precipitation 0.989 1.203 

*Dependent variable: Fire count

2.4 Assignment of weights for risk model 

The weight ranking of each variable was done 

using the AHP method which is a pairwise 

comparison-based measurement theory and 

establishes the significance of each criterion (Saaty, 

1994; Saaty, 1977; Saaty, 1988; Saaty and Vargas, 

1991). Individual criteria and their subclasses are 

given relative weights based on previously acquired 

knowledge of the criteria’s features, local field 

experience, firsthand observation, specifics of the 

chosen research area, and expert suggestions. A pair-

wise comparison matrix was made to compare all 

factors against each other based on their importance 

(equal, moderate, strong, very strong, and extremely 

strong). A standard Saaty’s 1-9 scale was used to 

determine the relative importance values for all 

themes and their respective features, where value ‘1’ 

denotes “equal importance” between the two themes, 

and the value ‘9’ denotes the “extreme importance” of 

one theme compared to another as shown in Table 3. 

Table 3. Scale for a pair-wise comparison matrix (Saaty, 1988) 

Intensity 

importance 

Linguistic variables 

1 Equal importance 

2 Equal to moderate importance 

3 Moderate importance 

4 Moderate to strong importance 

5 Strong importance 

6 Strong to the very strong importance 

7 Very strong importance 

8 Very to the extremely strong importance 

9 Extreme importance 

Mathematical description of the different steps 

is summarized in the following steps. 

(1) Sum the values in each column of the pair-

wise comparison matrix using the formula: 

Lij = ∑ Cijn
n=1   (1) 

Where; Lij is the total column value of the pair-

wise comparison matrix and Cij is the criteria used for 

the analysis. 

(2) Divide each element in the matrix by its total

row to generate a normalized pair-wise comparison 

matrix (Table 5) as shown in: 

Xij =
Cij

Lij
 (2) 

Where; Xij=normalized pair-wise comparison 

matrix. 

(3) Divide the sum of the normalized row of the

matrix by the number of criteria/parameter (N) to 

generate the standard weight by using the following 

formula: 

Wij =
∑ Xijn

j=1

N
(3) 

Where; Wij=standard weight. 

(4) For calculating the consistency vector

values, the following formula was used: 

λ = ∑ CVijn
n=1 (4) 

Where; λ=consistency vector. 

(5) Consistency index (CI) was used as a

deviation or degree of consistency which was then 

calculated using the following Equation 5 and 

Consistency ratio (Cr) was calculated by using the 

formula Equation 6 (Kanga et al., 2017; Kayet et al., 

2018). 

CI =
λ−n

n−1
 (5) 
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Where; CI=consistency index, n=number of 

criteria. 

(6) For calculating the Consistency ratio (Cr)

Cr =
CI

RI
 (6) 

If the value of the Consistency ratio (Cr) is less 

than or equal to 0.10, then the inconsistency is 

acceptable (Barzilai, 1998). Random inconsistency 

(RI) values for ‘n’ number of criteria, i.e., the number 

of parameters are shown in Table 4.  

Table 4. Random index (RI) for different number of criteria (n) 

n 1 2 3 4 5 6 7 8 9 10 

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 

Table 5. Pairwise and normalized comparison matrix 

LULC PS DR Elevation LST Slope Aspect Rainfall 

LULC 1 3 3 5 5 6 7 7 

PS 0.33 1 3 4 5 5 6 7 

DR 0.33 0.33 1 3 3 4 5 5 

Elevation 0.2 0.25 0.33 1 3 3 5 6 

LST 0.2 0.2 0.33 0.33 1 2 3 7 

Slope 0.17 0.2 0.25 0.33 0.5 1 3 5 

Aspect 0.14 0.17 0.2 0.2 0.33 0.33 1 5 

Rainfall 0.14 0.14 0.2 0.17 0.14 0.2 0.2 1 

LULC PS DR Elevation LST Slope Aspect Rainfall Total 

weight 

Normal 

weight 

LULC 0.4 0.57 0.36 0.36 0.28 0.28 0.23 0.16 2.64 0.33 

PS 0.13 0.19 0.36 0.29 0.28 0.23 0.2 0.16 1.84 0.22 

DR 0.13 0.06 0.12 0.21 0.17 0.19 0.17 0.12 1.17 0.15 

Elevation 0.08 0.05 0.04 0.07 0.17 0.14 0.17 0.14 0.86 0.11 

LST 0.08 0.04 0.04 0.02 0.06 0.09 0.1 0.16 0.59 0.07 

Slope 0.07 0.04 0.03 0.02 0.03 0.05 0.1 0.12 0.46 0.06 

Aspect 0.06 0.03 0.02 0.01 0.02 0.02 0.03 0.12 0.33 0.04 

Rainfall 0.06 0.03 0.02 0.01 0.01 0.01 0.01 0.02 0.17 0.02 

Finally, the weight was assigned to the variables 

accordingly. The Cr value was calculated within the 

acceptable range of less than 0.01 (Barzilai, 1998). 

Relative weights were assigned to different classes of 

variables from local field experience, personal 

observation, previous research in similar regions, 

literature (Parajuli et al., 2020; Parajuli et al., 2023; 

Tiwari et al., 2021), and expert’s suggestions. The 

expert group was constituted of four members 

including the expert personnel from the District Forest 

office, the Institute of Forestry, and the Ministry of 

Tourism and Environment. Finally, the weight was 

assigned as shown in Table 6. For each variable, the 

classes for the impact of forest fire were classified into 

five different categories: Very High, high, medium, 

low, and very low based on the suggestions from 

experts, distribution of forest fire points (Figure 6), 

and different literature review (Parajuli et al., 2020; 

Parajuli et al., 2023; Tiwari et al., 2021). The 

methodological framework utilized in the study is 

given in Figure 3 which was used for obtaining the 

final risk map. 

Table 6. Weight ranking for the different classes of the variables 

Variable Normalized weight Class Value assigned Fire rating classes 

Land cover 0.33 Broadleaved closed forest 1 Very high 

Broadleaved open forest 2 High 

Grassland 3 Medium 

Shrubland 4 Low 
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Table 6. Weight ranking for the different classes of the variables (cont.) 

Variable Normalized weight Class Value assigned Fire rating classes 

Land cover 0.33 Needle leaved open forest 4 Low 

Other 5 Very low 

Slope (%) 0.06 <5 1 Very high 

5-15 2 High 

15-25 3 Medium 

25-35 4 Low 

>35 5 Very low 

Distance to road (m) 0.15 <1,000 1 Very high 

1,000-2,000 2 High 

2,000-3,000 3 Medium 

3,000-4,000 4 Low 

4,000-5,000 5 Very low 

Proximity to 

settlement (m) 

0.22 <2,000 1 Very high 

2,000-4,000 2 High 

4,000-6,000 3 Medium 

6,000-8,000 4 Low 

>8,000 5 Very low 

Elevation (m) 0.11 <150 1 Very high 

150-300 2 High 

300-450 3 Medium 

450-600 4 Low 

>600 5 Very low 

LST 0.07 <28 5 Very low 

28-30 3 Medium 

30-32 2 High 

32-34 2 High 

>34 1 Very high 

Aspect 0.04 South 1 Very high 

Southwest 1 Very high 

Southeast 2 High 

West 3 Medium 

East 3 Medium 

Northwest 4 Low 

Northeast 4 Low 

North 5 Very low 

Precipitation (mm) 0.02 <35 mm 1 Very high 

35-45 mm 2 High 

45-55 mm 3 Medium 

55-65 mm 4 Low 

>65 mm 5 Very low 

3. RESULTS AND DISCUSSION

3.1 Trend analysis of fire incidents in Madhesh

Province

From 2001 to 2023, altogether 6,796 fire 

incidents occurred across 6,158.22 km2 in Madesh 

Province. However, only the data with detection 

confidence greater than 30% accounted for 6,368 fire 

incidents, as illustrated in Figure 4. This study 

recorded the year 2021 with the highest fire incidents, 

while Parajuli et al. (2020) had regarded the year 2016 

with the most fire incident occurrence, where Parajuli 

et al.  (2023) has  signified  that  both  2016  and  2021 

witnessed severe drought conditions, pointing out as 

primary reason for sudden surge of fire incidents. 

87



Adhikari G et al. / Environment and Natural Resources Journal 2025; 23(1): 80-94

Previously, the research of Parajuli et al. (2015) and 

Matin et al. (2017) showed that the year 2009 had high 

frequency of fire incidents due to persisting lower 

moisture regimes. 

Figure 3. Methodological framework for forest fire risk map 

Figure 4. Fire incidents in Madhesh Province for the study period (2001-2023) 

We used the Mann-Kendall trend analysis 

(Mishra et al., 2014) for burnt area analysis and it 

revealed a decreasing trend with Kendall’s tau value 

of -0.11 and a Sen’s slope value of -0.52 (Figure 5(a)). 

However, this decrease is of relatively low magnitude. 

Importantly, the observed negative trend in the     burnt 

area is statistically insignificant (p=0.92 at a   5% 

significance level). In Figure 5(b), the Mann-Kendall 

trend analysis of fire incidents highlights a statistically 

significant trend (p=0.02) of increasing forest fire 

incidence in the region. This is evidenced by the 

positive value of Kendall’s tau (0.351) and Sen’s slope 

value (10.5). The positive trend signifies a notable 

increase in forest fire incidents over the analyzed 

period.  
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Such phenomena may result from improved 

fire management and suppression efforts, which limit 

the spread of fires despite higher incident rates 

(Mishra et al., 2014). Additionally, factors like 

changes in land use and vegetation dynamics, as well 

as climatic variations, may play a role in causing 

inconsistencies between burn area and fire incidence 

as seen in Figure 5 (Bowman et al., 2009; Westerling 

et al., 2006). These findings indicate a complex 

interplay of factors influencing fire dynamics, thus, 

requiring further investigation into the underlying 

causes of these trends. 

Figure 5. Year-wise trend analysis of forest fire in Madhesh Province: (a) Burnt area (per km2) and (b) Fire incidence reported by MODIS 

3.2 Variables effect on forest fire incidents 

Each factor concerned with forest fire has been 

discussed and analyzed separately. The land cover 

class map shows that around 16% of the study area 

was forested with broad-leaved closed forest 

comprising the majority area of approximately 83%. 

Figure 6(a) shows that the broad-leaved closed forest 

was intercepted with the highest number of forest fire 

counts consisting 74% of the total incidents. This was 

due to the presence of dried Sal (Shorea robusta) 

leaves serving as active fuel material, comprising 

almost 90% of the continuous fuel in the forest of this 

region (Sharma and Hussin, 1996). 

The fire incidents witnessed a decreasing trend 

with the slope increment as shown in Figure 6(b). In 

case of plain lands, as of Terai Region of Nepal, the 

study of Matin et al. (2017) recorded that 72% of the 

fires occurred in the areas with temperature above 

30°C and a slope of less than 5%. Similar findings 

were recorded in this study where a majority of 

incidents occurred in the areas where temperature was 

around 30-32°C. Further, the southern side receives 

more sunshine, thus, raises the temperature and makes 

fuel drier (Prasad et al., 2008; Parajuli et al., 2020). 

Majority of the Madesh Province falls in the Terai 

Region with some extension in the Chure hills up to 

918 m, fire incidents decreased with an increase in the 

elevation. As evident in Figure 6(c), only a quarter of 

fire incidents occurred in the areas with slope greater 

than 15%. Similar findings were reported by Ariapour 

and Shariff (2014), where 65% of fires occurred within 

1,000 m elevation. Further, this study showed that the 

areas within the proximity of 2,000 m from 

settlements, there were relatively high fire incidents 

245.67

147.81

80.51

621.33

213.5

250.6

297.37

266.21
257.11

400.19

240.4

172.11

587.33

461.31

99.19

216.79

42.53

306.13
326.67

246.47

465.23

92.56

121.1

0

100

200

300

400

500

600

700

124

67

118

347

218

249
222

238

336

291
272

324

423

341

129

430

239

413

311

161

507

214

394

0

100

200

300

400

500

600

(a) 

(b) 

89



Adhikari G et al. / Environment and Natural Resources Journal 2025; 23(1): 80-94

comprising almost 45%. Interestingly, a slight 

increment from 1369 to 1428 is seen in fire incident 

occurrence between 2,000-6,000 m which later 

decreases to only about 14.5% incidents. According to 

research by Hussin et al. (2008), people seldom light 

fires at distances greater than 2000 m from where they 

live which may be the reason for lesser frequency of 

fire incidents above 2,000 m as shown in Figure 6(g). 

The study of Ariapour and Shariff (2014) documented 

40% of fire incidents within 1 km from the road. 

Likewise, in this study, Figure 6(h) shows that around 

65% of fire incidents were within 1 km from the road. 

The incidence of fire to activities such as throwing 

unlit cigarettes onto dry litter, and heating 

bitumen/asphalt for road surfacing are subjected to 

higher occurrences of forest fires within closer 

proximity of road (Jaiswal et al., 2002; Ariapour and 

Shariff, 2014). 

Various researchers have employed different 

variables and assigned varying degrees of importance. 

Tiwari et al. (2021), for instance, accorded the highest 

weight to elevation, whereas Feizizadeh et al. (2015) 

prioritized slope. Further, Hassan et al. (2020) 

emphasized rainfall and temperature. However, 

Kodandapani et al. (2008) acknowledged that forest 

type plays a pivotal role in fire occurrence and 

highlighted those broad-leaved forests are highly 

susceptible to fire during dry seasons. This research 

discovered that relatively higher impacts are 

constrained by land cover, followed by proximity to 

settlement, elevation, road distance, as shown by 

Figure 6 and the risk map. We found that the risk areas 

mostly comprised forest areas with almost 90% of the 

forest area under high and very high-risk areas in the 

province (Figure 7). 

Figure 6. Forest fire incidents (a) land cover classes, (b) slope, (c) elevation, (d) aspect, (e) land surface temperature, (f) precipitation (g) 

proximity to settlement, and (h) distance to road 
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Figure 6. Forest fire incidents (a) land cover classes, (b) slope, (c) elevation, (d) aspect, (e) land surface temperature, (f) precipitation (g) 

proximity to settlement, and (h) distance to road (cont.) 

3.3 Fire risk map 

As accord to Table 6 weightage value obtained 

from the AHP method, the risk map of Madhesh was 

obtained. Based on the weightage given to each 

variable class as per their influence on forest fire, all 

the thematic variables were added using the weightage 

overlay method in ArcGIS as shown in Figure 7, 

where the area is classified into five categories ranging 

from very high, high, moderate, and low to very low. 

The Table 7 demonstrates that, although the area under 

very high and high category is just 24.5%, however, it 

accounts for 72.5% of total fire incidents, which is in 

concordant with the output of Mann-Kendal trend 

analysis.   

Table 7. Fire incidents in risk areas 

Value Area (km2) % of area No. of total fire counts % of total fire counts Fire density per km2 

Very high 660.43 7.26 1,002 15.74 1.51 

High 1566.52 17.24 3,679 56.78 2.34 

Medium 193.36 2.13 556 8.73 2.87 

Low 1430.45 15.72 558 8.76 0.39 

Very low 5243.51 57.65 573 8.99 0.10 

3.4 Validation 

For the validation process, past data points were 

overlaid on the map, revealing a concentration of fire 

incidents in the high-risk zone. This validation method 

aligns with approaches utilized by various researchers, 

including Higgins et al. (2013), Feizizadeh et al. 

(2015), Ajin et al. (2016), Pourghasemi (2020), and 

Lamat et al. (2021). Additionally, to ascertain the 
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accuracy of the results, the area under curve (AUC) 

curve was employed, as depicted in Figure 6. This 

study employed the AUC validation technique, like 

the approach utilized by Parajuli et al. (2023) and has 

yielded significant results. The ArcSDM tool (ESRI, 

2022) was used in ArcGIS for AUC calculation and 

the prediction map scored the AUC value of 0.798 

(79.8%) (Figure 8) which shows the produced results 

are acceptable. Notably, this AUC value is comparable 

to that reported by (Tiwari et al., 2021) with 81.75% 

for AHP method.  

Figure 7. Forest fire risk map index combining all influencing variables 

Figure 8. Receiver Operating Characteristic (ROC) curve of fire risk map 

4. CONCLUSION

The research gives insights to spatial dynamics 

of forest fires in various influencing variables in the 

sub-tropical forests of Madhesh Province of Nepal. 

The MODIS fire incidence analysis showed highest 

incidence in 2021 while highest burnt area was 

reported in 2004. Overall, the broadleaved forests 

appeared vulnerable to fire incidents occurrence, with 

nearly 90% of the forested area falling into high or 

very high-risk category, so mitigatory strategies are 

suggested to be applied to lessen the damage incurred. 

The weight ranking shows that land cover, proximity 

to settlement, and elevation are highly sensitive to 

forest fire risk presumed in the Madhesh Province. 

Furthermore, the forest fire risk map index, based on 

the weightage of various variables, reveals that the 

forest area of the Madesh Province is vulnerable, and 

overall, 7.26% area is under very high-risk, 17.24% 

under high risk. Moreover, the Man Kendal trend 

analysis of burn area and fire incidence reveal that 

Random Guess 

Fire Riskmap (AUC-0.79) 
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further intricated studies are required to understand the 

underlying factors affecting the variables associated 

with forest fires.  
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GRAPHICAL ABSTRACT 

This study was conducted to investigate the synthesis of magnetite nanoparticles from 

iron sand collected from the Bah Bolon River in Indonesia, using the coprecipitation 

method with NaOH and NH4OH as precipitants. The results showed that based on 

SEM-EDX (scanning electron microscopy coupled with energy-dispersive x-ray 

spectroscopy) analysis, the Fe content of the raw iron sand, initially at 34.76%, 

increased to 45.50% following synthesis with NH4OH, indicating enhanced purity in 

the final product. SEM observations found average particle sizes of approximately  

53 nm for nanoparticles synthesized with NaOH and 20 nm for those synthesized with 

NH4OH. X-ray diffraction (XRD) analysis confirmed that the synthesized 

nanoparticles retain the magnetite (Fe3O4) phase with a face-centered cubic (FCC) 

spinel structure. Crystallite size calculations using the Scherrer equation yielded 

average crystallite sizes of 80.194 nm for NaOH-synthesized samples and 15.124 nm 

for NH4OH-synthesized samples, demonstrating that NH4OH favors the formation of 

smaller crystallites. Lattice strain analysis through the Williamson-Hall method 

showed positive tensile strain values for all samples, indicating structural tension 

within the crystal lattice. The NH4OH-synthesized nanoparticles had slightly higher 

lattice strain, suggesting that synthesis conditions impact both crystallite size and 

lattice tension. In conclusion, this study demonstrated that NH4OH was more 

effective than NaOH in producing high-purity, small-crystallite magnetite 

nanoparticles from natural iron sand, with potential implications for enhanced 

material properties.
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1. INTRODUCTION

Magnetic materials are of significant interest in 

the field of nanotechnology due to the unique 

properties, which facilitate application for a variety of 

advanced purposes. These materials are typically 

composed of elements such as iron, cobalt, nickel, and 

alloys, which have intrinsic magnetic behaviors 

potentially manipulated and enhanced at the 

nanoscale. Magnetic materials, when synthesized as 

nanoparticles show characteristics including 

superparamagnetism, a phenomenon defined as a loss 

of magnetization in the absence of an external 

magnetic field, which is advantageous for applications 

requiring precise control. Additionally, magnetic 

nanoparticles tend to have higher saturation, 

facilitating more responsiveness to external magnetic 

fields. The increased surface area promotes higher 

reactivity and allows for functionalization, enabling 

tailored applications in various fields (Díez et al., 

2022). 

Among magnetic materials, magnetite (Fe3O4) 

has demonstrated particular potential for further 

development. Fe3O4 nanoparticles are widely studied 

due to the strong magnetic properties, 

biocompatibility, and versatility in application. The 

application cuts across a range of fields, including 

targeted drug delivery, where magnetic properties 

allow for controlled movement to specific locations in 

the body. In magnetic resonance imaging (MRI), the 

nanoparticles act as contrast agents to improve image 

clarity (Zhang et al., 2022). Other uses include 

hyperthermia therapy for cancer, where localized 

heating of tumor cells is achieved through magnetic 

induction (Wang et al., 2021), and environmental 

remediation, where magnetic separation can 

efficiently remove pollutants from water (Fatimah et 

al., 2023; Tlili et al., 2023).

An important advantage of magnetite is that it 

can be sourced from nature, providing a potentially 

sustainable and cost-effective resource for 

nanoparticle synthesis. Natural deposits of Fe3O4 are 

found in coastal regions, riverbeds, volcanic areas, and 

green synthesis making it readily available for large-

scale production (Elaoud et al., 2024; Novita et al., 

2024). Although significant studies have been 

conducted on Fe3O4 nanoparticles synthesized from 

coastal stands (Yuwanda et al., 2022), data on using 

river sand as a source are relatively scarce. This gap 

suggests an opportunity for further investigation into 

river sands as an alternative natural source of Fe3O4, 

which could expand the availability of sustainable raw 

materials for magnetite nanoparticle production and 

open new pathways for applications in 

nanotechnology. 

Various synthesis methods have been used to 

produce magnetite nanoparticles, each offering unique 

advantages and influencing the final characteristics. 

Prominent methods include coprecipitation (Gutierrez 

et al., 2024; Hamid et al., 2022; Parvathy Namboothiri 

and Vasundhara, 2023), sol-gel (Hu et al., 2019; Polla 

et al., 2023), high-energy milling (Calderón Bedoya et 

al., 2021; Melinia et al., 2022; Rianna et al., 2022), and 

laser ablation (Al-Salih et al., 2021; Alkallas et al., 

2023; Dadashi et al., 2015). Among these methods, 

coprecipitation is particularly popular due to the 

simplicity, cost-effectiveness, and ability to yield 

nanoparticles with controlled size, morphology, and 

elemental composition. The coprecipitation method 

entails mixing iron salts in an alkaline medium, 

allowing for precise manipulation of reaction 

parameters such as temperature, pH, and the type of 

precipitating agent used. These parameters play a 

crucial role in determining the particle size, 

distribution, and magnetic properties of the resulting 

nanoparticles, making coprecipitation an adaptable 

and highly effective method for synthesizing 

magnetite nanoparticles at both laboratory and 

industrial scales (Tukan et al., 2023). Although Fe3O4 

is already present in raw river sand, the coprecipitation 

method is essential to enhance purity, control particle 

size, and improve the crystallinity of the synthesized 

nanoparticles. These improvements are necessary for 

applications that demand high-purity and consistent 

particle properties, justifying the use of 

coprecipitation for refining natural Fe3O4 sources. 

Studies on magnetite nanoparticle synthesis 

have shown that the choice of precipitant significantly 

impacts the characteristics of the final product. 

Previous studies by Ba-Abbad et al. (2022) explored 

the effects of different precipitants, such as sodium 

hydroxide (NaOH) and ammonium hydroxide 

(NH4OH), on the morphology and size of magnetite 

nanoparticles. The results underscore how varying the 

precipitant can allow fine-tuning of nanoparticle 

properties, which is essential for tailoring to specific 

applications. Iron chloride hexahydrate and iron 

sulfate heptahydrate are commonly used as precursors, 

reacting with an alkaline solution to form magnetite. 

However, only a few studies have examined the 

impact of different precipitants specifically for 

nanoparticles synthesized from natural iron sand. 

Examining the effects of different precipitants could 
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provide valuable insights into controlling the 

structural and magnetic properties of magnetite 

nanoparticles, particularly those synthesized from 

natural, sustainable resources. 

Understanding the structural characteristics, 

lattice strain, and elemental composition of magnetite 

nanoparticles derived from natural iron sand is crucial 

for optimizing performance across various 

applications. The crystal structure, for instance, 

influences magnetic properties and surface reactivity, 

which are critical for applications such as MRI and 

targeted drug delivery. Lattice strain, often induced by 

particle size reduction or imperfections within the 

crystal lattice, potentially impacts the stability and 

performance of nanoparticles, making it a key 

parameter to assess in any synthesis process. 

Additionally, the elemental composition determines 

the chemical stability and interaction of nanoparticles 

with the environment, which is especially relevant in 

biomedical and environmental applications where 

compatibility and longevity are essential. By 

comprehensively characterizing these properties, 

synthesis methods can be refined to produce 

nanoparticles with tailored properties, ultimately 

broadening applicability in scientific and 

technological fields (Nguyen et al., 2021). 

This study aimed to synthesize magnetite 

nanoparticles from natural iron sand using the 

coprecipitation method, with a focus on examining the 

effects of different precipitants, namely NaOH and 

NH4OH. A review of existing literature suggests that 

these precipitants are commonly used for magnetite 

nanoparticle synthesis, though there are limited 

studies on the specific effects when applied to natural 

iron sand sources. This study will investigate how the 

choice of precipitant influences the crystal structure, 

lattice strain, and elemental composition of 

nanoparticles. To achieve this, characterization 

methods such as x-ray diffraction (XRD) were used to 

analyze crystal structure and lattice strain while 

scanning electron microscopy coupled with energy-

dispersive x-ray spectroscopy (SEM-EDX) was used 

to assess particle morphology, size, and elemental 

content. The results will provide new insights into the 

potential of natural iron sand as a raw material for 

high-quality magnetite nanoparticles, paving the way 

for more sustainable production practices in 

nanotechnology.   

2. METHODOLOGY

2.1 Materials

The natural iron sand used was obtained from 

the Bah Bolon River, Simalungun Regency of North 

Sumatra, Indonesia. A previous study focused on 

analyzing the mineral composition and magnetic 

characteristics of iron sand (Novita et al., 2023). 

However, to date, the synthesis of magnetite 

nanoparticles River has not been undertaken. Further 

investigation is warranted to examine additional 

properties of the iron sand after the conversion into 

magnetite nanoparticles. For the synthesis process, 

ammonium hydroxide (NH4OH) at a concentration of 

25% (75 mL) and sodium hydroxide (NaOH) at 3 g 

dissolved in 20 mL of distilled water was used. 

Additionally, 20 mL of 37% hydrochloric acid (HCl) 

was utilized. 

2.2 Synthesis of magnetite nanoparticles 

The synthesis of magnetite nanoparticles was 

conducted through the coprecipitation method. 

Initially, 10 g of iron sand were measured and 

dissolved in 20 mL of 37% HCl. The addition of HCl 

facilitated the dissolution of iron sand, releasing Fe 

ions necessary for the formation of magnetite 

nanoparticles. The acid treatment aided in breaking 

down the iron sand structure, enhancing the 

availability of iron for the subsequent reaction steps 

with NaOH or NH4OH. This preparation step is crucial 

for ensuring a homogenous solution of iron ions, 

which facilitates efficient nanoparticle formation. The 

dissolution of iron oxides in HCl can be represented 

by the reactions: 

Fe2O3 + 6HCl → 2Fe3+ + 3H2O + 6Cl−

FeO + 2HCl → Fe2+ + H2O + 2Cl−

The solution of iron sand and HCl was stirred at 

70°C for 30 min, with agitation maintained at a speed 

of 500 rpm. Subsequently, a preheated solution of 

NaOH at 70°C for 10 min was gradually added to the 

iron sand solution while heating and stirring were 

continued for an additional hour. This procedure was 

repeated using 75 mL of 25% NH4OH solution in 

place of NaOH. The addition of the base raised the pH, 

precipitating Fe2+ and Fe3+ ions as Fe3O4 according

to the reaction: 

2Fe3+ + Fe2+ + 8OH− → Fe3O4 + 4H2O
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The use of NaOH and NH4OH as the precipitant 

introduced a buffering effect, which stabilizes the pH 

and supports controlled growth of Fe3O4 particles, 

resulting in nanoparticles with desired purity and size. 

The synthesized solutions were then allowed to settle, 

followed by washing of the precipitate with distilled 

water to eliminate the solvent. Finally, the separated 

precipitate was dried in an oven at 100°C for 3 h. 

2.3 Characterization of magnetite nanoparticles 

SEM-EDX analysis, facilitated by Image-J and 

OriginLab software, was used to examine elemental 

composition, surface morphology, and particle size. 

X-ray diffraction (XRD) with CuKα radiation 

(λ=1.5406 Å) was used to analyze crystal structure and 

lattice strain, scanning within the range of 20-80° for 

an angle of 2θ. The crystal size of the synthesized 

samples was determined using the Scherrer equation 

(Equation 1), while lattice strain values were assessed 

using the Williamson-Hall method (Mustapha et al., 

2019). 

d =
Kλ

β cos θ
       (1) 

In the Scherrer equation, K represents 

Scherrer’s constant (K=0.9), β denotes the peak width 

at half maximum in radians, λ signifies the x-ray 

wavelength (λ=1.5406 Å), and θ indicates the Bragg 

diffraction angle measured in radians (Humaidi et al., 

2023). 

3. RESULTS AND DISCUSSION

3.1 SEM-EDX analysis

SEM-EDX analysis was used to investigate the 

particle size, surface morphology, and elemental 

composition of magnetite nanoparticles synthesized 

from natural iron sand. Figure 1 shows the SEM 

images at 1,000x magnification, with clear distinctions 

between the pre- and post-synthesis states of the 

particles. The raw iron sand (Figure 1(a)) has irregular 

shapes, asymmetrical protrusions, and a rough surface, 

likely due to environmental factors including erosion, 

sediment transport, and deposition in river currents. 

Following synthesis, the magnetite nanoparticles 

showed significantly reduced particle size but lacked 

a fully uniform morphology. 

For samples synthesized with NaOH as the 

precipitant, SEM images showed a moderate reduction 

in surface roughness, yielding a comparatively 

smoother texture. In contrast, synthesis with NH4OH 

produced smaller particles with reduced surface 

irregularity and a more porous structure. This 

morphology may be attributed to NH4OH which 

created a  more  controlled  pH  environment,  resulting

Figure 1. SEM morphology and particle size distribution of natural iron sand and synthesized magnetite nanoparticles (1,000x 

magnification). SEM images of (a) raw iron sand; (b) iron sand synthesized with NaOH; (c) iron sand synthesized with NH4OH. Histogram 

of particle size distribution for (d) raw iron sand; predominantly ranging from 100-150 nm; (e) iron sand synthesized with NaOH, with a 

distribution of 40-80 nm; and (f) iron sand synthesized with NH4OH, exhibiting a narrower range of 20-40 nm. 
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in slower nucleation and growth, as well as limited 

particle size. NH4OH releases ammonia gas during 

synthesis, which may promote the formation of 

microvoids within the particles, leading to a porous 

structure. Although nanoparticle agglomeration is 

often expected due to high surface energy and particle 

instability, the SEM images do not show pronounced 

agglomeration (Figure 1(b) and Figure 1(c)). This may 

be due to the stabilizing effect of NH4OH, which 

supports the formation of dispersed nanoparticles with 

lower surface energy, reducing visible aggregation 

despite theoretical tendencies. 

Using Image-J and OriginLab software for 

particle size analysis (Figure 1(d-f)), the average 

particle size of the iron sand before synthesis was 

approximately 122 nm. After synthesis, particle size 

decreased to around 53 nm and 20 nm with NaOH and 

NH4OH as precipitants, respectively. NH4OH yielded 

smaller particle sizes, attributed to the more acidic 

reaction environment, which accelerates nanoparticle 

formation (Mardana et al., 2023). The synthesized 

particles are larger than those from synthetic 

precursors namely iron chloride hexahydrate but 

remain within the nanoscale range, supporting 

classification as nanoparticles. 

EDX analysis was used to examine the 

elemental composition of the iron sand before and 

after synthesis into magnetite nanoparticles (Figure 2) 

(Taufiq et al., 2020). In the natural state, the iron sand 

sourced from the Bah Bolon River contained 34.76% 

iron (Fe) and 58.30% oxygen (O), along with trace 

elements, namely aluminum (Al), silicon (Si), and 

titanium (Ti), possibly derived from geological and 

sedimentary processes within the river environment. 

After synthesis, the Fe content increased to 40.76% 

and 45.50% with NaOH and NH4OH as precipitants 

respectively. This increase indicates successful 

conversion to magnetite, with NH4OH demonstrating 

higher efficiency in promoting Fe incorporation. 

The elevated Fe content post-synthesis is 

consistent with previous studies on natural iron sand 

sources, which also report increased Fe percentage 

after processing. Amiruddin and Prayitno (2019) 

reported a Fe content of 55.33% in iron sand 

synthesized from Kata Pariaman Beach using the ball 

milling method. Prasetyowati et al. (2021) observed 

Fe content up to 60.96% for coastal sand-based 

magnetite from Kulon Progo Beach. Although the Fe 

content of magnetite synthesized from Bah Bolon 

River iron sand is slightly lower than in studies using 

coastal sources, it still falls within an acceptable range 

for natural sources, confirming the suitability of river 

sand for nanoparticle production. 

Figure 2 . EDX analysis of natural iron sand and synthesized magnetite nanoparticles, displaying elemental composition changes. EDX 

spectrum of (a) raw iron sand; (b) iron sand synthesized with NaOH; and (c) iron sand synthesized with NH4OH.

(a) (b) 

(c) 
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The coprecipitation process used in this study 

enhanced the Fe content of the final magnetite 

nanoparticles by facilitating the deposition of ions into 

a stable Fe3O4 crystal structure. The natural iron sand 

serves as the primary Fe source, containing various 

iron oxides and other minerals. During the synthesis 

process, Fe ions are first extracted from the iron sand 

matrix through dissolution in HCl, which breaks down 

the mineral structure and releases the ions into 

solution. The selection of precipitant (NaOH or 

NH4OH) plays a critical role. After the addition, the 

precipitant raises the pH of the acidic Fe ion solution, 

inducing controlled nucleation and growth of Fe3O4 

particles through coprecipitation. 

In particular, the use of NH4OH as the 

precipitant led to a higher Fe content in the 

nanoparticles compared to NaOH. This effect can be 

attributed to the greater reactivity and buffering 

capacity of NH4OH, which stabilizes the pH more 

effectively and allows for a more controlled and 

complete reaction between Fe ions and OH⁻ ions. 

Therefore, NH4OH promotes a faster and more 

efficient precipitation process, leading to higher Fe 

incorporation in the magnetite structure. The resulting 

Fe3O4 nanoparticles had a higher Fe density due to the 

compact magnetite structure formed during 

precipitation, leading to an increased Fe content 

compared to the initial iron sand material. 

Additionally, NH4OH buffering properties helped 

limit excessive particle growth, resulting in smaller 

and more uniform Fe3O4 nanoparticles. This 

controlled environment minimized the presence of 

other mineral impurities from the iron sand, producing 

a purer Fe3O4 phase with higher Fe content. NH4OH 

demonstrated greater efficacy in synthesizing 

magnetite nanoparticles from natural iron sand by 

enhancing Fe incorporation, accelerating reaction 

rates, and producing smaller, more uniformly 

dispersed particles. 

3.2 X-Ray diffraction (XRD) analysis 

X-ray diffraction (XRD) analysis provided 

insight into the crystalline phases, crystallite size, and 

lattice strain in both the initial iron sand sample and 

the synthesized magnetite nanoparticles. In this 

analysis, diffraction peaks were formed from the 

interaction of X-rays with specific crystal planes 

within the material, which are identified by the Miller 

indices (Hamid et al., 2023). Figure 3 shows the 

diffraction peaks corresponding to the Miller indices. 

Both the raw iron sand and the synthesized samples 

showed diffraction peaks corresponding to the Fe3O4 

(magnetite) phase, suggesting that the material is 

polycrystalline. Distinct peaks for the magnetite phase 

appear at (220), (311), (400), (422), (511), and (440) 

reflections, consistent with the face-centered cubic 

(FCC) crystal structure in the Fd-3m space group, 

often referred to as the spinel structure (Sinaga et al., 

2023). This phase identification is consistent with the 

standard reference JCPDS Card No. 19-0629 (Girardet 

et al., 2022). Additionally, the raw iron sand contains 

extra peaks corresponding to SiO2 and α-FeOOH 

(goethite) phases, identified with Miller indices (111), 

as per JCPDS Cards No. 46-1045 and No. 29-0713. 

The presence of SiO2 is in line with the natural 

impurities commonly found in iron sands from river 

sources. 

Figure 3 .  XRD diffraction patterns of natural iron sand and 

synthesized magnetite nanoparticles. XRD spectra show 

diffraction peaks corresponding to Fe3O4 for both the raw and 

synthesized samples, indicating a polycrystalline magnetite 

structure. 

For samples synthesized through the 

coprecipitation method, the XRD pattern for the 

NaOH-synthesized nanoparticles showed distinct 

peaks of magnetite along with minor peaks associated 

with goethite (α-FeOOH). The presence of goethite in 

this sample suggests that NaOH does not fully reduce 
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iron compounds to the magnetite phase under the 

synthesis conditions used, potentially leaving behind 

residual iron oxide impurities. This partial reduction 

could be attributed to the lower reactivity of NaOH 

compared to NH4OH, which might result in a less 

efficient transformation process. In contrast, the 

NH4OH-synthesized sample showed only magnetite 

peaks, indicating a higher phase purity. This phase 

purity can be beneficial in applications requiring high 

magnetic purity, as it minimizes interference from 

non-magnetic phases including goethite. 

The (311) reflection showed the highest peak 

intensity across all samples, which becomes more 

pronounced after synthesis. This indicates an 

alignment preference along the (311) lattice plane in 

the synthesized magnetite nanoparticles. The 

diffraction peaks of the NaOH-synthesized 

nanoparticles are sharper and narrower than those of 

the NH4OH-synthesized ones, implying a higher 

degree of crystallinity and structural regularity in the 

NaOH sample (Jain et al., 2022). Table 1 shows a 

comparison of crystallinity percentages and average 

crystallite sizes for each sample. 

Table 1. Comparison of crystallinity and crystal size of each sample 

Sample Crystallinity (%) Crystallite size (nm) 

Iron sand 74.54 90.608 

NaOH precipitant 48.94 80.194 

NH4OH precipitant 40.53 15.124 

The crystallite size was calculated using the 

Scherrer formula (Equation 1). The size values obtained 

were approximately 80.194 nm and 15.124 nm for the 

sample synthesized using NaOH and NH4OH 

respectively. This distinction in crystallite size reflects 

the influence of precipitant choice on crystal growth, 

with NH4OH favoring smaller crystallite formation, 

possibly due to a more controlled reaction 

environment. Importantly, this measurement pertains 

to the average crystallite size rather than the particle, 

as calculated using the Scherrer equation (Abdel-

Mohsen et al., 2022). Crystallite size represents the 

coherent diffraction domain, which may differ from 

particle size when particles consist of multiple 

crystallites. 

According to SEM analysis, the average particle 

sizes are larger than the XRD-determined crystallite 

sizes, indicating that the nanoparticles may be 

polycrystalline, consisting of multiple crystallites 

within a single particle. This observation is especially 

relevant for magnetite nanoparticles synthesized with 

NaOH, which show larger crystallite sizes. 

Polycrystalline particles can impact magnetic 

properties by reducing the superparamagnetic 

behavior typically observed in single-crystalline 

nanoparticles at smaller scales. This suggests that 

NH4OH-synthesized nanoparticles, with smaller 

crystallites and potentially single-domain structures, 

might show more favorable magnetic properties, such 

as enhanced superparamagnetic behavior and higher 

magnetic saturation. 

The crystallinity of each sample was analyzed 

based on the intensity and sharpness of the XRD 

peaks. The NH4OH-synthesized sample showed 

broader peaks, particularly in the (311) reflection, 

which implies a smaller crystallite size but also may 

indicate higher lattice strain. This refers to distortions 

within the crystal lattice, which can be quantified by 

analyzing peak broadening. In nanostructured 

materials, lattice strain is often associated with surface 

defects and structural irregularities that arise during 

the synthesis process. 

Lattice strain can have significant 

implications for the physical properties of magnetite 

nanoparticles. To further understand the lattice strain, 

the Williamson-Hall method was used. Lattice strain, 

which signifies deformation within the crystal lattice, 

can arise due to defects, stress, or other imperfections. 

The Williamson-Hall plot, where 4 sin θ  is plotted 

against β cos θ, was used to estimate strain (Patel et 

al., 2024). The lattice strain values calculated were 

0.00363 for raw iron sand, 0.0000469 for NaOH-

synthesized, and 0.000576 for NH4OH-synthesized 

nanoparticles (Figure 4). The positive strain values 

across samples indicate tensile strain within the lattice. 

The reduction in lattice strain post-synthesis implies a 

relaxation in structural tension as the raw iron sand 

transforms into magnetite nanoparticles. However, the 

NH4OH-synthesized sample shows a slightly higher 

tensile strain than the NaOH-synthesized sample, 

indicating that NH4OH promotes a degree of structural 
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strain, possibly due to rapid nanoparticle formation 

under more acidic conditions. 

Higher lattice strain in the NH4OH-

synthesized sample may enhance surface reactivity 

and catalytic activity, which is advantageous for 

applications in environmental remediation and 

biomedical fields where surface interactions are 

crucial. It also significantly impacts the material 

mechanical and magnetic properties by increasing 

stored energy, which can affect mechanical strength, 

elasticity, and plastic deformation. Additionally, 

lattice strain introduces localized magnetic 

anisotropies within the nanoparticles, potentially 

enhancing the performance in magnetic hyperthermia 

applications where controlled heating is essential. 

Strain can further influence properties such as 

coercivity, magnetoresistance, and atomic diffusion 

rates, which in turn impact chemical reactivity. 

Therefore, the choice of precipitant not only affects 

crystallite size but also plays a key role in determining 

the structural and functional characteristics of the 

synthesized nanoparticles. 

Figure 4. W-H Plot (Williamson-Hall Plot) for estimating lattice strain of natural iron sand and synthesized magnetite nanoparticles. Raw 

iron sand (a) exhibits the hightest strain due to impurities and distortions. NH4OH-synthesized magnetite (b) shows reduced strain; while 

NaOH-synthesized magnetite (c) has the lowest strain. All samples display positive lattice strain, indicating tensile strain within the crystal 

lattice. 

4. CONCLUSION

In conclusion, the successful synthesis of 

magnetite nanoparticles from natural iron sand was 

achieved through the coprecipitation method using 

two distinct precipitants, namely NaOH and NH4OH. 

The results showed that the choice of precipitant 

significantly impacted the shape and size of the 

resulting magnetite nanoparticles. NH4OH precipitant 

demonstrated higher performance in synthesizing 

magnetite nanoparticles from natural iron sand 

compared to NaOH, as evidenced by an increase in Fe 

content, accelerated reaction kinetics, and production 

of smaller particle sizes. Moreover, the NH4OH 

precipitant yielded purer magnetite nanoparticles with 

a more regular crystal structure and higher 

crystallinity relative to NaOH. Iron sand samples 

synthesized with NH4OH precipitant also showed a 

higher level of tensile strain. The selection of 

(a) (b) 

(c) 
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precipitants in the synthesis process of magnetite 

nanoparticles from natural iron sand significantly 

influenced the crystal structure, lattice strain, and 

elemental composition. 
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