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Abstract

Extreme rainfall poses significant environmental threats with unprecedented consequences to society,
particularly in flood-prone regions such as the Sylhet division in the northeastern part of Bangladesh. This study
conducts a comprehensive regional frequency analysis of extreme daily rainfall events utilizing advanced
statistical techniques, including L-moments, cluster analysis, and Monte Carlo simulations. Clustering methods
(Hierarchical Clustering and K-Means Clustering) identified three homogeneous rainfall zones, enabling
interpretation of spatial variability. Region 1 (Tajpur, Gobindaganj, Sylhet) exhibited higher annual rainfall and
more rainy days, indicative of a persistently wet climate. Region 2 (Zakiganj, Sheola, Lalakhal, Kanairghat)
showed intermediate rainfall and seasonal variation, while Region 3 (Bholaganj) experienced irregular and lower
rainfall, necessitating localized water management strategies. The Pearson Type 3 (PE3), Generalized Extreme
Value (GEV), and Generalized Logistic (GLO) distributions were found to be the most statistically suitable for
modeling rainfall extremes for return periods of up to 100 years, although growing uncertainty was observed for
longer return periods. This study highlights the importance of integrating regional frequency analysis into flood
management, infrastructure planning, and disaster risk reduction, providing a robust framework for data-scarce
regions facing increasingly extreme climate conditions.
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1 Introduction

Severe precipitation events with intense rainfall within a short return period are extremely dangerous to both livelihoods and
the environment, particularly in regions like Sylhet division, Bangladesh, which have complex terrain and a monsoon-
prevalent climate that magnify flood and landslide hazards (Akter et al., 2023; Farukh et al., 2020; Montes et al., 2021). The
increasing severity of such events due to global warming necessitates robust methods for estimating the magnitudes and
frequencies of extreme rainfall to inform water resource management, urban planning, and disaster preparedness planning
(“Analysis of Extreme Rainfall Events under the Climatic Change,” 2022). However, data unavailability and high spatial
variability in rainfall distribution in Sylhet division render conventional single-site frequency analysis difficult, necessitating
advanced regionalization techniques (Dey et al., 2025; Sahu et al., 2021). L-moment-based regional frequency analysis
provides robust, unbiased, and reliable estimates of extreme rainfall at both gauged and ungauged sites, particularly in data-
scarce, climatically variable regions (Lin et al., 2006). It is also superior to traditional methods in that it is less sensitive to
outliers and more efficient when the sample size is small, making it better suited for finding homogeneous areas, selecting
probability distributions, and quantifying (Bilkova, 2014). In the Sylhet division, where high flood vulnerability is prevalent
due to its high topography and dense river networks, precise estimates of extreme rainfall are crucial for designing resilient
infrastructure, such as dams and drainage systems (Dey et al., 2025). Despite previous studies, such as regional extreme
rainfall mapping for Bangladesh using L-Moments (Rahman et al., 2013); these studies lack sub-regional analysis for high-
risk areas like Sylhet division, provide limited validation of regionalization, and offer no transferable framework for broader
application. The study employs various clustering methods and L-moment-based discordancy and heterogeneity tests to
identify homogeneous rainfall sub-regions. It also conducts goodness-of-fit tests and derives design daily extreme rainfall
depths for return periods of 10-100 years for each sub-region. By integrating these methods, the research addresses the gaps
in the extreme rainfall analysis of the Sylhet division, providing a transferable model for data-scarce, monsoon-dominated
regions that guides climate adaptation and flood risk mitigation. The findings will contribute to enhancing flood forecasting,
infrastructure resilience, and policy-making, ultimately leading to climate-resilient water management.
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2 Methodology

2.1 Study Area
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The study focuses on the Sylhet division of Bangladesh, a region characterized by hilly terrain, monsoon-driven
rainfall, and frequent flooding. Eight meteorological stations were selected for the study (Figure 1 and Table 1).

Table 1. Rainfall station information of the Sylhet division. ¢
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Figure 1. Study area.

*MAP: mean annual precipitation; Ratio (RS/RW): mean ratio of summer half-year precipitation to winter half-year
precipitation; NRD: mean annual number of rainy days.
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Figure 2. Architecture of the proposed framework.

Determination of
Optimal Number of
Clusters using
Elbow Method,
Silhouette Method,
Gap Statistics, and
Mantel Correlation
Test

Daily rainfall data from BWDB (Bangladesh Water Development Board) stations were processed to calculate L-
moments and L-moment Ratios, and site characteristics, including MAP, NRD, etc., were determined.
Hierarchical and K-means clustering were applied to group stations based on hydrological similarities, followed
by discordancy (Dj) and heterogeneity (Hi, Hz2, H3) testing to ensure regional homogeneity. The optimal cluster
number was determined through the Elbow Method, the Silhouette Method, and the Gap Statistic Test. Suitable
frequency distributions were selected for homogeneous regions using the Goodness-of-fit Test, and quantile
estimation was performed using RMSE (Root Mean Square Error) with 95% confidence intervals. Figure 2
depicts the flowchart representing the proposed work.
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3 Results & Discussions
3.1 Initial Grouping by Hierarchical and K-means Clustering

Ward’s hierarchical clustering and K-means clustering approaches were applied to determine homogeneous
regions for Regional Frequency Analysis (RFA) of daily extreme rainfall. The regionalization was based on a
combination of physiographic and climatic variables, including latitude, longitude, elevation, mean annual
precipitation, mean ratio of summer half-year precipitation to winter half-year precipitation, number of rainy
days, and data availability period. A major drawback of using rainfall extremes alone for clustering is that the
resulting regions may appear statistically homogeneous but might not reflect actual hydrologic variability or
practical utility (Burn, 1997). Similarly, relying solely on spatial features may overlook important differences in
hydrologic response. To ensure that the resulting zones are hydrologically meaningful, it is essential to use
stable, quantifiable variables that are not strongly correlated with the rainfall extremes themselves. To determine
the optimal number of clusters, several cluster validation techniques were employed. The Gap Statistic and
Elbow method indicated five and three clusters, while the Mantel Correlation and Silhouette Width methods
supported solutions with five and two clusters, respectively. Based on these evaluations, dividing the study area
into three or five homogeneous regions was considered most appropriate. However, the final regional
classification was further validated using statistical tests of heterogeneity and discordancy. The clustering results,
along with the optimal number of regions, are illustrated in Figure 3, Figure 4, and Figure 5.
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Figure 3. Hierarchical clustering dendrogram.
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Figure 4. (a) Silhouette method for optimal clusters and the highest Silhouette width at k=2. (b) Mantel correlation method showing

Mantel correlation across varying cluster counts (k), with a peak Value at k = 5.
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Figure 5. (a) EIbow method for optimal clusters and the optimal number of clusters appears to be k = 3. (b) Gap statistics for optimal

clusters showing gap values peak at k = 5.
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3.2 Identification of Homogeneous Regions

The clustering analysis using Hierarchical and K-Means methods, both configured with k = 3 (indicating three
target clusters), provides a reliable understanding of spatial rainfall variability across Sylhet division stations.
While both methods show strong overall agreement, minor discrepancies (such as in Bholaganj and Zakiganj)
highlight how each algorithm interprets subtle differences in rainfall patterns. Based on the clustering results,
three distinct regions were identified: Region 1 (Sylhet, Tajpur, Gobindaganj) with consistently high rainfall;
Region 2 (Zakiganj, Sheola, Lalakhal, Kanairghat) with moderate rainfall characteristics; and Region 3
(Bholaganj), which displays unique rainfall behavior. Final region assignments, as presented in Figure 6 and
Table 2, primarily follow the Hierarchical Clustering output for consistency in classification.
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Figure 6. Location of homogeneous rainfall stations in Sylhet division.

3.3 Discordancy, Heterogeneity, and Goodness-of-fit Tests

Regions are considered homogeneous when H<I, possibly heterogeneous when 1<H<2, and heterogeneous when
H>2. Similarly, Di<Dgiicar indicates that there are no discordant stations, while |Zpist|<1.64 signifies an
acceptable distributional fit (Dey et al., 2025). For Regions 1 to 3, all stations passed the discordancy test, with
D; values of 1.00, which are below the respective Dgriiicar thresholds. Region 1 shows the highest heterogeneity,
suggesting notable variability in rainfall characteristics; its best-fit distribution is PE3 (Pearson Type Il1), with a
Z-value of 0.16, indicating an acceptable goodness-of-fit. Region 2 demonstrates the lowest heterogeneity,
reflecting relatively homogeneous rainfall behavior, and is best represented by the GEV (Generalized Extreme
Value) distribution, with a Z-value of 0.15. Region 3 exhibits moderate heterogeneity and is best modeled by the
GLO (Generalized Logistic) distribution, with a Z-value of 1.23. The discordancy, heterogeneity and goodness-
of-fit values are shown in Table 3.

Table 3. The assessment of regional homogeneity includes station groupings, analysis of discordancy statistics (D;), evaluation of

heterogeneity indicators (H;, H,, Hs), and Zpst values for each candidate probability distribution.

Heterogeneity Measures

. Dcritical Best
Sites (Di S
Region (©) H, H, Hs Distribution Z-Value
Tajpur (1.00)
Gabindagonj (1.00)
1.92 1.27 1.44 1.73 PE3 0.16
1 Sylhet (1.00)
Zakiganj (1.00)
Sheola (1.00)
Lalakhal (1.00) 2.14 -1.75 -0.52 -0.07 GEV 0.15
2

Kanairghat (1.00)
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3 Bholagang (1.00) 1.65  0.01 153 0.96 GLO 1.23

3.4 L-moment Ratio Diagrams & Regional Growth Curve

L-moment ratio diagrams present the regional average L-moments in comparison with the theoretical L-
skewness and L-kurtosis relationships of various candidate probability distributions. For each homogeneous
region identified, the most appropriate distribution was selected to estimate the dimensionless regional frequency
curve, commonly known as the regional growth curve. The accuracy of the estimated growth curves was
evaluated using Monte Carlo simulation, which provided the root mean square error (RMSE) and the 95%
confidence intervals. Figures 7 through 9 illustrate the L-moment ratio diagrams and the corresponding regional
growth curves for each homogeneous region.
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Figure 7. (a) L-moment ratio diagram for the maximum daily rainfall series, and (b) estimated regional growth curve with 95% confidence

bounds for Region 1.
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Figure 8. (a) L-moment ratio diagram for the maximum daily rainfall series, and (b) estimated regional growth curve with 95% confidence

bounds for Region 2.
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Figure 9. (a) L-moment ratio diagram for the maximum daily rainfall series, and (b) estimated regional growth curve with 95% confidence

bounds for Region 3.
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4 Conclusions

Regional growth curve analysis yields valuable quantitative and visual data on rainfall variability as a function of
return periods, which is essential for effective design and planning. Region 1 shows the highest quantile values,
indicating this area experiences the most intense rainfall events, with 100-year return period events reaching
approximately 2.3 times the daily extreme. Region 2 demonstrates moderate rainfall intensities with the tightest
confidence intervals, suggesting more predictable extreme rainfall patterns and potentially more homogeneous
meteorological conditions within this cluster. Region 3 exhibits the lowest overall quantile values but shows
some irregularity in the lower tail of the distribution (as indicated by the discontinuous confidence bounds at
very low return periods), suggesting this region has the mildest extreme rainfall events. L-moment ratio plots for
all three regions show good consistency between theoretical distributions and data points, where the fitted curves
are good estimates within the 95% confidence limits. These local variations suggest the need to tailor
hydrological design and flood risk management interventions to local rainfall behavior, with Region 1 requiring
more robust infrastructure design due to its higher potential for extreme events. Regions 2 and 3 are possibly
achievable with more straightforward approaches due to their having lower quantile values.
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