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Flash floods are highly destructive hydrometeorological 

disasters that threaten infrastructure integrity and public safety 

in the Krueng Meuh Sub-watershed, Bireuen District. This study 

aims to conduct a comprehensive hydrological analysis of flash 

flood triggers by evaluating physical characteristics and land-use 

dynamics. The methodology integrates Digital Elevation Model 

(DEM) analysis for slope mapping, daily rainfall data (2020-

2024) to calculate the five-day Antecedent Precipitation Index 

(API5), and remote sensing to detect land-cover changes. These 

parameters were synthesized within a Geographic Information 

System (GIS) using the Flash Flood Potential Index (FFPI) 

approach to identify spatial vulnerability zones. The results 

reveal that over 50% of the study area consists of steep to very 

steep slopes dominated by erodible geological materials. Soil 

conditions reached high saturation levels prior to flood events, 

with API5 values ranging from 57.6 to 71.3 mm. Furthermore, 

the massive conversion of forest into plantations (57.68%) has 

significantly increased surface runoff coefficients. FFPI analysis 

classifies the majority of the sub-watershed into moderate to 

very high vulnerability levels. These findings provide critical 

scientific evidence for local authorities to formulate spatial-

based mitigation strategies and adaptive watershed management. 
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1. Introduction 

Flash floods in humid tropical regions such as Indonesia are more than just routine natural 

occurrences; they are the result of a complex interplay between extreme precipitation, steep 

topographical gradients, and massive environmental degradation [1], [2], [3], [4]. In the Krueng Meuh 

sub-watershed of Bireuen Regency, this threat has transformed into a tangible risk that jeopardizes the 

stability of upstream infrastructure and the safety of downstream settlements [5], [6], [7]. The 

characteristic suddenness of these flows, coupled with the transport of heavy debris, renders such 

disasters exceptionally destructive and difficult to predict without in-depth hydrological analysis. 

Geographically, the study area is defined by significant elevation variations, which serve as the primary 

control for the region's drainage patterns. 
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Source: Author's analysis (2025) 
Figure 1. Topographic Map of the Krueng Meuh Sub-Watershed 

 Landscape transformation, particularly the conversion of forests into plantation areas, drastically 

alters how a watershed responds to precipitation. These changes in land cover trigger a surge in surface 

runoff coefficients, which in turn significantly increases peak discharge volumes [8], [9], [10], [11]. In 

the Aceh region, the correlation between forest vegetation loss and the accelerated time of concentration 

toward river outlets has become a serious concern, as it shortens the evacuation window for affected 

residents [12], [13], [14]. Investigations reveal that forest cover depletion in the Krueng Meuh sub-

watershed has reached 57.68%, a critical condition that exacerbates vulnerability to flash floods. 

Source: Author's analysis (2025) 

Figure 2. Land Use Map of the Krueng Meuh Sub-Watershed 
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 In addition to land-use changes, the antecedent moisture condition (AMC)—referring to the soil's 

degree of saturation prior to a rainfall event—plays a pivotal role in determining flood magnitude. When 

the soil reaches its saturation threshold, infiltration capacity is effectively nullified, causing nearly all 

precipitation to transform into instantaneous surface runoff [15]. Consequently, accurate risk estimations 

within early warning systems must integrate the dynamics of land-use change to produce discharge 

predictions that are both realistic and applicable [16]. This integration is crucial, given that rainfall 

intensity variability in tropical regions has trended upward over recent decades, as represented by the 

distribution of precipitation across observation stations. 

Source: Author's analysis (2025) 

Figure 3. Spatial Rainfall Distribution Map of the Krueng Meuh Sub-Watershed. 

While general hydrological studies are well-established, the specific integration of the Antecedent 

Precipitation Index (API5) with spatial vulnerability mapping using the Flash Flood Potential Index 

(FFPI) remains under-explored within the Krueng Meuh sub-watershed. This study evaluates flash flood 

potential by synthesizing these physical and hydrological parameters to develop a more adaptive 

watershed management framework. The findings are intended to serve as a scientific benchmark for 

stakeholders in formulating preventive disaster mitigation strategies based on spatial data for the Bireuen 

Regency. 

 

2. Research Method 

The research procedure is structured through an integrated technical approach to evaluate flash 

flood risk within the Krueng Meuh sub-watershed. The initial phase involves identifying the physical 

parameters of the region using Digital Elevation Model (DEM) data to extract slope information and 

drainage network characteristics [1], [13]. Slope is a critical variable, as steep terrain mechanically 

accelerates surface runoff and shortens the time of concentration toward the river outlet  [17]. This 

geomorphological analysis enables the identification of areas that inherently possess high kinetic energy, 

capable of triggering debris movement during extreme precipitation events. 

Furthermore, this study conducts an in-depth investigation into Land Use and Land Cover Change 

(LULCC) dynamics using satellite imagery over a specified observation period. The primary focus is 

directed toward the transition of natural vegetation, such as forests, into open land or plantations.  
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Source: Author's analysis (2025) 

Figure 4. Soil Type Map of the Krueng Meuh Sub-Watershed. 

Source: Author's analysis (2025) 

Figure 5. Geological Map of the Krueng Meuh Sub-Watershed. 

Based on a systematic review of global flood modeling trends, land-cover change is a determinant 

factor that consistently increases runoff coefficients and flood discharge volumes [18], [19]. In a local 

context, similar effects have been observed across various watersheds in Indonesia, where the decline 

in land retention capacity due to LULCC serves as the primary driver for increasing vulnerability to 

peak flooding [20], [21]. 

Hydrometeorological conditions were analyzed using daily precipitation data (2020–2024) to calculate 

the initial soil moisture index via the five-day Antecedent Precipitation Index (API5) method. The API5 

parameter is employed to measure the soil saturation threshold at a specific saturation point, the soil's 

infiltration capacity decreases drastically, causing precipitation to be converted into instantaneous 

surface runoff [10], [22], [23]. This is consistent with hydrological modeling principles, which 

emphasize that flood risk increases exponentially when high-intensity rainfall interacts with already 

saturated soil. 
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In the final stage, all physical and hydrological parameters were synthesized using the Flash Flood 

Potential Index (FFPI) approach within a Geographic Information System (GIS) environment. Each 

variable—ranging from slope and soil type to land cover patterns—was assigned specific weightings to 

generate a spatial zoning map of flash flood vulnerability. The integration of this method has proven 

effective in predicting the hydrological impacts of future land-use changes and supporting the 

development of more adaptive mitigation strategies for the communities in Bireuen Regency. Detailed 

information regarding the weights and scores for each parameter, adapted from flood risk assessment 

methodologies for humid tropical regions [1] is presented in depth in Table 1. 

Table 1. Parameters, Scores, and Weighting for FFPI Variables 

No Parameter Sub-Criteria (Characteristics) Score Weight 

1 Slope >45% (Very Steep) to <8% (Flat) 5–1 30% 

2 Land Cover Open Land to Permanent Forest 5–1 25% 

3 Soil Type Highly Sensitive to Non-Sensitive 5–1 25% 

4 Geology Unconsolidated Rocks to Igneous Rocks 5–1 20% 

Source: Author's Analysis (2025), adapted from Azizah et al. (2022) [1] 

3. Results and Discussions 
3.1 Hydrological Dynamics and Soil Saturation Characteristics 

Analysis of precipitation data throughout the 2020–2024 period reveals a significant hydrological 

variability within the Krueng Meuh sub-watershed, particularly regarding five-day rainfall accumulation 

patterns. By employing the five-day Antecedent Precipitation Index (API5) approach, this study 

successfully identifies the soil saturation thresholds prior to flood events. The calculation results indicate 

that API5 values in the study area fluctuate between a range of 57.6 mm and a peak of 71.3 mm [22], 

[25], [26]. 

The high index values represent soil moisture conditions at a state of high saturation. Under these 

conditions, soil pores can no longer absorb water optimally, causing infiltration capacity to drop to its 

minimum threshold. This phenomenon reinforces established theories regarding tropical regions, which 

posit that antecedent soil conditions play a crucial role in triggering massive surface runoff; specifically, 

the interaction between moderate-intensity rainfall and pre-saturated soil will immediately trigger 

destructive surface flows. The dynamics of this soil saturation are visualized in Table 2.  

Table 2. API5 Calculation Table 

Event Date Day (H-n) Date Rainfall (mm) Total API5 (mm) 

 

May 4, 2023 H-5 29-04-2023 0,0  

 H-4 30-04-2023 0,0  

 H-3 01-05-2023 22,0  

 H-2 02-05-2023 0,0  

 H-1 03-05-2023  35,6  

  Total API₅  57,6 

Oct 8, 2023 H-5 03-10-2023 0,0  

 H-4 04-10-2023 0,0  

 H-3 05-10-2023 21,3  

 H-2 06-10-2023 21,7  

 H-1 07-10-2023 28,3  

  Total API₅  71,3 

Source: Daily rainfall data from the Aceh Climatology Station (BMKG, 2023). 
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3.2 Spatial Analysis of Curve Number (CN) and FFPI Vulnerability 

 The land's capacity for rainwater retention was analyzed using the Curve Number (CN) 

parameter, derived from the synthesis of soil characteristics and land-use data. The spatial distribution 

of CN values in the Krueng Meuh sub-watershed indicates a rising runoff potential, primarily driven by 

the degradation of permanent vegetation into open land. This CN map serves as a crucial baseline for 

determining how each land unit responds to precipitation by generating flood discharge, as illustrated in 

Figure 6. 

Source: Author's Analysis (2025) 
Figure 6. Spatial Distribution Map of Curve Number (CN) in the Krueng Meuh Sub-Watershed 

 The integration of Curve Number (CN) parameters with slope and geological variables using the 

Flash Flood Potential Index (FFPI) method yields a comprehensive vulnerability mapping. The results 

demonstrate that the study area is dominated by moderate to very high vulnerability zones. The 

prevalence of slopes exceeding 25% in the upstream regions acts as a primary driver of flow kinetic 

energy, which is further exacerbated by erosion-sensitive geological formations [1], [4]. Furthermore, 

the conversion of 57.68% of forest cover has systematically expanded these risk zones, as illustrated in 

Figure 7. 

Source: Author's Analysis (2025) 

Figure 7. Flash Flood Vulnerability Map Generated via the FFPI Method 
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3.3 Discussion of Findings and Mitigation Implications 

This research confirms that the flash flood risk in the Krueng Meuh sub-watershed is a result of 

the synergy between natural geophysical factors and anthropogenic pressures. The surge in peak 

discharge is not triggered by rainfall alone; rather, it is more dominantly influenced by the diminished 

retention capacity of the upstream land [5], [6]. Spatial identification reveals that downstream 

settlements, such as Pante Karya Village, lie within high-risk trajectories due to the accumulation of 

runoff originating from the steep upstream areas. 

The policy implications of these findings emphasize the necessity of adaptive, spatial-based mitigation 

strategies. Restoring upstream ecosystems using deep-rooted vegetation is urgent to reduce surface 

runoff coefficients [23], [27]. Furthermore, utilizing the API5 index as a component within early warning 

systems (EWS) could assist local authorities in predicting potential floods with higher precision before 

a disaster occurs. 

4. Conclusion and Suggestion 

4.1 Conclusion 

This study concludes that the Krueng Meuh sub-watershed possesses significant vulnerability to 

flash flood disasters, driven by a combination of natural biophysical factors and human intervention in 

land-use management. Based on the modeling results, steep slopes in the upstream region serve as the 

primary control factor that accelerates the time of concentration toward downstream areas. This 

condition is further exacerbated by antecedent soil moisture levels (API5) that frequently reach 

maximum saturation thresholds, thereby eliminating soil infiltration capacity and triggering 

instantaneous surface runoff. Moreover, the massive conversion of forest into open land has increased 

the potential for destructive flood discharge. Overall, the integration of hydrological and spatial 

parameters through the FFPI method has successfully mapped critical zones in Bireuen Regency that 

require specialized attention in disaster risk reduction efforts. 

4.2 Suggestion 

To enhance the effectiveness of these research findings and support sustainable watershed 

management, future studies are encouraged to integrate two-dimensional (2D) hydrodynamic modeling 

to predict inundation extent in residential areas with greater detail. Further analysis is required to 

evaluate the effectiveness of flood control structures, such as check dams or Sabo dams, at locations 

identified with high kinetic flow energy. Additionally, developing a community-based early warning 

system that utilizes real-time monitoring of soil saturation indices is a crucial step toward improving 

downstream community preparedness against future flash flood threats. 
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