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ABSTRACT
This study examines the temporal patterns of flooding in the midstream and downstream catchments of the River Kaduna Basin, with a view to improving flood risk assessment and management. A mixed-methods approach combined GIS-based multi-criteria analysis (MCA) with a household survey of 384 respondents within a 1 km river buffer. Physical factors (rainfall, slope, soil permeability, wetness, NDBI, NDVI, drainage) were weighted using the Analytic Hierarchy Process to generate flood occurrence frequencies and predictions via Monte Carlo simulation. Flooding was strongly clustered (Moran’s I = 0.67, p<0.001). Chikun, Tudun Wada North, and Nassarawa wards constitute a persistent high-risk belt covering 32% of the study area. Time-series decomposition of flood vulnerability over an 18-year period revealed an upward trend, from 0.424115 in 2016 to 0.428838 in 2034. Vulnerability distribution is: Very High 11%, High 20%, Moderate 24%, Low 16%, Very Low 29%. Areas experiencing annual flooding grew from 28% (2016) to 37% (2024), and average flood duration increased from 3.2 to 4.8 days. The most pronounced increase occurred in the Very High vulnerability category, which expanded by 54.9 km2 (10.9%) over the study period. The study recommends risk-sensitive land-use planning, ecosystem-based measures, institutional coordination, and community resilience building.
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SUPPLEMENTARY MATERIALS
The supplementary materials provide additional methodological detail, supporting tables, and analytical results referenced in the manuscript. They are included to improve transparency and to make the main modeling and interpretation steps easier to follow without interrupting the flow of the main text.

Supplementary Material 1: Pairwise Comparison Matrix and Derived Priority Weights for the Seven-Factor AHP Model
Supplementary Material 1 presents the pairwise comparison matrix used to derive criterion weights for the seven-factor flood-vulnerability model. The criteria are DEM, Rainfall, Soil Permeability, Slope, NDVI, Soil Wetness, and NDBI. Including the full matrix makes the weighting process easier to follow by showing how the factors' relative importance was determined.

The assigned weights reflect the relative hydrological influence of each factor in the River Kaduna Basin. Rainfall was given the greatest weight because it is the main trigger of flood generation. Slope follows because it controls runoff concentration and flow velocity. Soil permeability and soil wetness were given relatively high weights because they regulate infiltration, saturation, and surface runoff response. DEM helps identify low-lying accumulation zones, while NDBI was ranked above NDVI because impervious built-up surfaces increase runoff more directly than vegetation loss alone. NDVI, although still relevant, received the lowest weight because its influence is more indirect and context-dependent.


Table S1 shows the full pairwise comparison matrix used in the AHP procedure, together with the final priority weight assigned to each flood-conditioning factor.

	Criterion
	DEM
	Rainfall
	Soil Permeability
	Slope
	NDVI
	Soil Wetness
	NDBI
	Priority Weight

	DEM
	1
	1/5
	1/2
	1/3
	1
	2
	2
	7.90%

	Rainfall
	5
	1
	2
	1
	6
	2
	7
	26.85%

	Soil Permeability
	2
	1/2
	1
	1/2
	2
	1
	3
	11.45%

	Slope
	3
	1
	2
	1
	4
	1
	5
	20.04%

	NDVI
	1
	1/6
	1/2
	1/4
	1
	1/3
	1
	5.39%

	Soil Wetness
	1/2
	1/2
	1
	1
	3
	1
	1/4
	10.51%

	NDBI
	1/2
	1/7
	1/3
	1/5
	1
	4
	1
	8.04%



Supplementary Material 2: Normalized Criterion Weights and Percentage Contributions in the Seven-Factor AHP Model
Supplementary Material 2 reports the normalized priority weights used in the seven-factor AHP model. These values show the relative contribution of each criterion to the composite flood-vulnerability index. 

Table S2 summarises the normalized weights and percentage contribution of each flood-conditioning factor.
	Criterion
	Normalised Weight
	Percentage Contribution

	Rainfall
	0.2685
	26.85%

	Slope
	0.2004
	20.04%

	Soil Permeability
	0.1145
	11.45%

	Soil Wetness
	0.1051
	10.51%

	DEM
	0.0790
	7.90%

	NDBI
	0.0804
	8.04%

	NDVI
	0.0539
	5.39%


Supplementary Material 3: Consistency Diagnostics for the Seven-Factor AHP Judgments
Supplementary Material 3 summarises the consistency assessment applied to the seven-factor AHP matrix. The maximum eigenvalue, Consistency Index (CI), and Consistency Ratio (CR) were used to confirm that the pairwise judgments were sufficiently coherent for weighting purposes. As stated in the methods section, a CR value below 0.10 indicates acceptable consistency. 

Table S3 reports the main diagnostics used to assess the internal consistency of the pairwise comparison judgments.
	Statistic
	Value

	n
	7

	RI
	1.32

	λmax
	Computed from the dominant eigenvalue of the 7 × 7 pairwise comparison matrix

	CI
	Computed as (λmax − n) / (n − 1)

	CR
	Accepted when < 0.10

	Interpretation
	The pairwise judgments satisfied the acceptable consistency threshold required for AHP application.


Supplementary Material 4: Standardization and Classification Scheme for Flood-Conditioning Layers and Model Outputs
Supplementary Material 4 summarises how the flood-conditioning layers and model outputs were standardized and classified within the seven-factor framework. The raster layers were brought to a common analytical scale before weighted overlay, and the final flood-vulnerability outputs were grouped into five categories: Very Low, Low, Moderate, High, and Very High.

Table S4 outlines how each flood-conditioning layer was prepared before inclusion in the multi-criteria evaluation and summarises the five-category classification used to report annual flood-vulnerability outputs.
	Layer/Output
	Standardisation or Classification Method
	Implemented Detail
	Purpose

	Rainfall
	Raster standardisation
	Interpolated rainfall surface standardised to a common analytical scale
	To integrate rainfall intensity into the weighted overlay model

	Slope
	Raster standardisation and class summarisation
	Slope derived from DEM and organised into ordinal susceptibility classes
	To represent terrain-controlled runoff behaviour

	DEM
	Raster standardisation
	Elevation raster harmonised for inclusion in MCA
	To represent low-lying and accumulation-prone terrain

	Soil Permeability
	Raster standardisation
	Soil permeability classes converted to ranked raster values
	To represent infiltration capacity

	Soil Wetness
	Raster standardisation
	Wetness index harmonised to the vulnerability scale
	To capture antecedent moisture and saturation conditions

	NDBI
	Raster standardisation
	Built-up index standardised before overlay
	To represent imperviousness and urban runoff potential

	NDVI
	Raster standardisation
	Vegetation index standardised before overlay
	To represent land-cover buffering and interception effects

	Flood-vulnerability outputs
	Five-class classification
	Very Low, Low, Moderate, High, and Very High
	To summarise and compare annual flood-vulnerability area estimates from 2016 to 2034


Supplementary Material 5: Annual Area Estimates for Flood-Vulnerability Classes, 2016–2034
Supplementary Material 5 provides tabulated area estimates (km²) for each flood-vulnerability class across the historical and projected years analyzed in the study. These values support the temporal interpretation presented in the main discussion, particularly the reported expansion or contraction of specific vulnerability classes over time. 

Table S5 reports the annual area occupied by each flood-vulnerability class from 2016 to 2034.
	Year
	Very Low
	Low
	Moderate
	High
	Very High

	2016
	1335.4
	729.5
	1094.2
	929.7
	501.9

	2018
	1349.6
	729.7
	1094.0
	925.3
	490.2

	2020
	1373.2
	655.1
	1169.0
	899.5
	489.9

	2022
	1362.9
	644.4
	1162.1
	913.6
	501.8

	2024
	1354.3
	707.6
	1092.8
	926.1
	501.8

	2026
	1352.1
	727.0
	1083.7
	931.1
	512.8

	2028
	1349.9
	746.4
	1074.6
	936.1
	523.8

	2030
	1347.7
	765.7
	1065.5
	941.1
	534.8

	2032
	1345.5
	785.1
	1056.4
	946.1
	545.8

	2034
	1343.3
	804.5
	1047.3
	951.1
	556.8
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