Supplementary Information for
Diagnosing Spatial Disparities in Urban Flood Burden through Hydro-Environmental Normalization in Jakarta, Indonesia
This Supplementary Information contains only the technical tables needed to clarify the methods, support selected results, and justify the diagnostic interpretation in the main manuscript.
S1. Data sources, indicators, transformations, and analytical use
Table S1. Data sources, derived indicators, transformations, and analytical use
	Data component
	Dataset or source
	Native scale / period
	Derived variable used in analysis
	Transformation or harmonization
	Analytical use
	Main uncertainty

	Administrative boundary
	Jakarta kelurahan boundary
	Vector; static
	Kelurahan analytical units
	All raster and vector datasets harmonized and summarized to the common kelurahan analytical framework
	Defines the common spatial unit for forcing, burden, expectation modelling, and spatial diagnostics
	Boundary aggregation may smooth within-kelurahan variation (MAUP)

	Terrain elevation
	DEMNAS
	~8 m; static
	Elevation
	Subsidence-adjusted DEM summarized by zonal mean; dynamically normalized (5th–95th percentile); direction reversed so lower elevation represents stronger forcing
	Inland and coastal hydro-environmental forcing
	DEM timing and vertical uncertainty may differ from 2020–2024 terrain conditions

	Land subsidence
	InSAR-derived Jakarta subsidence surface
	Gridded raster
	Subsidence-adjusted elevation
	Cumulative subsidence applied to the DEM before terrain derivation
	Represents effective terrain conditions during the analytical period
	Assumes subsidence representation is sufficiently stable throughout the study period

	Terrain slope
	DEMNAS-derived slope
	~8 m; static
	Slope
	Calculated from the subsidence-adjusted DEM; summarized by zonal mean and dynamically normalized
	Inland and coastal hydro-environmental forcing
	Local drainage micro-topography and engineered channels are not represented

	Rainfall forcing
	CHIRPS daily precipitation
	~0.05°; 2020–2024
	Maximum daily precipitation during the study period
	Pixel-wise maximum extracted across 2020–2024, then summarized by zonal mean and dynamically normalized
	Inland and coastal hydro-environmental forcing
	Coarse spatial resolution relative to kelurahan scale; represents study-period maximum rather than formal climatological Rx1day

	Hydrological connectivity
	JRC Global Surface Water
	~30 m
	River / permanent-water proximity
	Euclidean distance raster generated from permanent water, summarized by zonal mean, dynamically normalized, and direction reversed so shorter distance represents stronger forcing
	Inland and coastal hydro-environmental forcing
	Small drains, canals, and engineered flow paths may not be represented

	Coastal influence
	Jakarta RBI coastline
	Vector; static
	Coastline proximity
	Euclidean distance raster generated from the coastline, summarized by zonal mean, dynamically normalized, direction reversed, and combined with a linear distance-decay weighting
	Coastal hydro-environmental forcing
	Does not fully represent engineered shoreline modification, tidal hydraulics, or coastal structures

	Built-up intensity
	Sentinel-2 Harmonized Surface Reflectance
	10 m; 2020–2024 composite
	Built-up intensity index
	Spectral index derived from the study-period composite, summarized by zonal mean, and dynamically normalized
	Inland and coastal hydro-environmental forcing
	Spectral mixing and dense urban morphology may affect the built-up signal

	Surface impermeability
	ESA WorldCover
	10 m; static
	Impervious land-cover proxy
	Impervious land-cover class summarized by zonal mean; retained without percentile normalization
	Inland and coastal hydro-environmental forcing
	Mixed urban surfaces may be simplified by land-cover classification

	Flood observation
	Sentinel-1 GRD SAR
	~10 m; selected flood events during 2020–2024
	Core and extended flood masks
	Multi-temporal SAR composites with permanent-water masking, terrain filtering, and connected-pixel filtering
	Observed flood extent and flood fraction
	Urban SAR mapping uncertainty from layover, radar shadow, double-bounce scattering, and threshold sensitivity

	Population exposure
	WorldPop gridded population
	~100 m
	Population and population density
	Population summarized by zonal sum; population density calculated using kelurahan area and combined with mapped flood extent
	Observed flood-burden construction
	Does not capture daytime mobility, temporary displacement, or event-time exposure

	Population-exposure-weighted burden proxy
	Derived from Sentinel-1 and WorldPop
	Kelurahan-year; 2020–2024
	Flood fraction × population density
	Annual burden calculated for each year and aggregated to a persistent burden using the median across annual observations
	Response variable for expectation modelling
	Represents relative flood burden rather than flood depth, economic loss, or comprehensive disaster impact

	Hydro-environmental forcing
	Derived composite
	Kelurahan; 2020–2024 baseline
	Inland, coastal, and compound forcing indices
	Individual indicators dynamically normalized (5th–95th percentile), combined using literature-informed and equal-weight specifications, then summarized at kelurahan level
	Environmental baseline for expected burden
	Indicator selection, weighting strategy, and normalization choices influence the represented forcing surface


Note: Higher normalized values consistently represent stronger flood-generating conditions. For distance, elevation, and slope variables, the normalized direction is reversed. Flood observation and population exposure are not part of the hydro-environmental baseline; they are used to construct observed burden.
S2. Hydro-environmental weights, forcing statistics, and observed-burden construction
Panel A. Indicator weights used for inland and coastal hydro-environmental forcing
	Indicator
	Inland literature-informed weighting
	Coastal literature-informed weighting
	Equal-weight specification
	Direction after normalization

	Maximum daily precipitation, 2020–2024
	0.270
	0.150
	Equal within component
	Higher value = stronger forcing

	Subsidence-adjusted elevation
	0.124
	0.280
	Equal within component
	Lower value = stronger forcing

	Terrain slope
	0.164
	0.050
	Equal within component
	Lower value = stronger forcing

	River or permanent-water proximity
	0.155
	0.150
	Equal within component
	Closer distance = stronger forcing

	Coastline proximity
	—
	0.220
	Equal within component
	Closer distance = stronger forcing

	Built-up intensity
	0.190
	0.100
	Equal within component
	Higher value = stronger forcing

	Impervious surface
	0.097
	0.050
	Equal within component
	Higher value = stronger forcing


Note: Inland indicator weights were adapted from the Analytic Hierarchy Process (AHP)-based flood hazard framework developed by Ariyani et al. (2024) [1][footnoteRef:1], which assigned the highest relative importance to maximum daily precipitation (0.270), followed by built-up intensity (0.190), terrain slope (0.164), river proximity (0.155), subsidence-adjusted elevation (adapted from topography; 0.124), and impervious surface (adapted from soil-related infiltration control; 0.097). Coastal indicator weights were developed through a literature synthesis of coastal flood susceptibility and coastal vulnerability studies. Greater emphasis was assigned to subsidence-adjusted elevation (0.280) and coastline proximity (0.220), reflecting the dominant influence of low-lying coastal terrain and coastal connectivity consistently reported in previous AHP- and MCDA-based studies [2], [3][footnoteRef:2]. Intermediate weights were assigned to precipitation (0.150) and river or estuarine connectivity (0.150), whereas built-up intensity (0.100), terrain slope (0.050), and impervious surface (0.050) received lower weights to represent secondary controls on coastal flood generation. This weighting scheme represents a literature-informed parameterization rather than a newly conducted AHP. Equal weighting was additionally evaluated as a sensitivity specification. [2: ] 

Panel B. Summary statistics of hydro-environmental forcing components
	Forcing component
	Mean
	SD
	Median
	Minimum
	Maximum

	Inland forcing (literature-informed)
	0.6823
	0.1364 
	0.708
	0.1019 
	0.9799

	Coastal forcing (literature-informed)
	0.4122
	0.2455
	0
	0.0000
	0.9535

	Compound forcing, (literature-informed)
	0.733
	0.102
	0.725
	0.42
	0.945

	Compound forcing (equal-weight)
	0.758
	0.101
	0.757
	0.472
	0.959



Panel C. Observed-burden construction and annual mapped flood extent
	Component
	Definition or value
	Analytical role

	Annual flood fraction
	 
	Proportion of kelurahan area mapped as flooded in selected event year t

	Population density
	 
	Population exposure normalized by kelurahan area

	Annual observed burden
	 
	Relative burden indicator combining mapped flood occurrence and population concentration

	Persistent observed burden
	 
	Response variable used for environmental expectation modelling

	2020 mapped flood extent
	43.76 km²
	Selected Sentinel-1 flood observation

	2021 mapped flood extent
	45.63 km²
	Selected Sentinel-1 flood observation

	2022 mapped flood extent
	46.42 km²
	Selected Sentinel-1 flood observation

	2023 mapped flood extent
	34.54 km²
	Selected Sentinel-1 flood observation

	2024 mapped flood extent
	34.69 km²
	Selected Sentinel-1 flood observation

	Mean mapped flood extent
	41.01 km²
	Mean across selected annual observations



Note: The compound forcing score was calculated using a fuzzy algebraic sum of inland and coastal forcing. The observed-burden metric is a relative population-exposure-weighted indicator and not a measure of flood depth, flood duration, direct economic loss, household damage, or social vulnerability.
S3. Sentinel-1 flood mapping parameters and expectation-model diagnostics
Panel A. Selected Sentinel-1 flood-observation windows
	Year
	Event label
	Orbit
	Pre-event window
	Flood-event window
	Post-event window
	Analytical use

	2020
	New Year Flood
	Descending
	2019-09-01 to 2019-12-20
	2019-12-29 to 2020-01-07
	2020-01-15 to 2020-02-15
	Annual flood mask

	2021
	February Flood
	Descending
	2020-10-01 to 2021-02-10
	2021-02-11 to 2021-02-25
	2021-03-01 to 2021-04-01
	Annual flood mask

	2022
	October Flood
	Descending
	2022-06-01 to 2022-09-25
	2022-09-28 to 2022-10-12
	2022-10-20 to 2022-11-20
	Annual flood mask

	2023
	January Flood
	Descending
	2022-08-01 to 2023-01-10
	2023-01-18 to 2023-02-01
	2023-02-10 to 2023-03-10
	Annual flood mask

	2024
	January–February Flood
	Ascending
	2023-08-01 to 2024-01-10
	2024-01-18 to 2024-02-07
	2024-02-15 to 2024-03-15
	Annual flood mask



Panel B. Flood-mask extraction parameters
	Processing component
	Core mask
	Extended mask
	Purpose

	SAR input
	Sentinel-1 GRD, VH polarization, IW mode
	Sentinel-1 GRD, VH polarization, IW mode
	Event-based flood observation

	Non-urban flood rule
	Ratio < 0.80 and dB difference < -1.5
	Ratio < 0.88 and dB difference < -0.8
	Detect open-surface inundation

	Urban flood rule
	dB difference > 1.8 or dB difference < -1.5
	dB difference > 1.2 or dB difference < -1.0
	Detect possible urban flood signal including double-bounce response

	Non-urban terrain filter
	Slope < 5°
	Slope < 5°
	Reduce implausible flood classification on steep terrain

	Urban terrain filter
	Slope < 3°
	Slope < 3°
	Reduce urban radar misclassification

	Permanent-water mask
	JRC Global Surface Water occurrence > 80% or seasonality > 10
	Same as core mask
	Remove stable water surfaces from event flood extent

	Land-cover mask
	ESA WorldCover urban and forest classes
	Same as core mask
	Differentiate urban and non-urban detection logic

	Connected-pixel filter
	Minimum 8 connected pixels
	Minimum 12 connected pixels
	Remove isolated radar noise

	Analytical role
	Sensitivity specification
	Primary flood-observation input
	Test flood-mask uncertainty



Panel C. Environmental expectation model and residual diagnostics
	Model component or diagnostic
	Value
	Interpretation

	Compound forcing coefficient
	3.172
	Stronger compound forcing is associated with higher observed burden

	Standard error
	0.162
	Precision of forcing coefficient estimate

	t-statistic
	19.565
	Statistical strength of forcing association

	p-value
	< 0.001
	Association is statistically significant

	R²
	0.228
	Forcing model explains part of observed-burden variation

	Adjusted R²
	0.225
	Adjusted model fit

	F-statistic
	76.93
	Overall model significance

	Number of observations
	1305
	The environmental expectation model was estimated using 1,305 kelurahan-year observations, after which annual residuals were aggregated by their median to derive one HNFBDev value per kelurahan.

	Breusch–Pagan test
	< 0.001
	Heteroskedasticity detected

	Jarque–Bera test
	< 0.001
	Residual non-normality detected

	Absolute residual versus expected burden
	Positive association
	Residual magnitude increases under higher expected burden

	Recommended interpretation
	—
	HNFBDev should be interpreted as a relative diagnostic, not as a variance-independent performance score



Note: The selected Sentinel-1 flood observations are event-based annual observations and should not be interpreted as a complete flood climatology. Model diagnostics justify cautious interpretation of HNFBDev as an observed-expected spatial diagnostic.
S4. Spatial diagnostics, HNFBDev extremes, and robustness summary
Panel A. Global and local spatial diagnostics
	Diagnostic component
	Specification or class
	Value
	Interpretation

	Spatial diagnostic variable
	Standardized HNFBDev
	—
	Observed-expected flood-burden deviation

	Spatial-weight matrix
	k-nearest neighbours, k = 8
	—
	Neighbourhood structure used in current spatial output

	Global Moran’s I
	HNFBDev spatial autocorrelation
	0.355
	Moderate positive spatial clustering

	Permutation p-value
	Global Moran’s I
	0.001
	Spatial clustering is statistically significant

	Local Moran’s I
	Not significant
	174
	Most kelurahan do not form significant local clusters

	Local Moran’s I
	Low-Low cluster
	44
	Neighbouring kelurahan with lower-than-expected burden

	Local Moran’s I
	High-High cluster
	29
	Neighbouring kelurahan with higher-than-expected burden

	Local Moran’s I
	Low-High outlier
	8
	Low-deviation kelurahan near higher-deviation neighbours

	Local Moran’s I
	High-Low outlier
	6
	High-deviation kelurahan near lower-deviation neighbours

	Total analytical units
	Kelurahan
	261
	Administrative units used in spatial diagnostics


Panel B. Highest positive HNFBDev locations
	Rank
	Kelurahan
	Residual
	HNFBDev Z-score
	Diagnostic meaning

	1
	Tangki
	2.237
	3.834
	Higher-than-expected burden

	2
	Kota Bambu Utara
	2.168
	3.717
	Higher-than-expected burden

	3
	Jembatan Besi
	2.117
	3.629
	Higher-than-expected burden

	4
	Duri Selatan
	2.079
	3.564
	Higher-than-expected burden

	5
	Duri Utara
	2.077
	3.56
	Higher-than-expected burden

	6
	Kali Anyar
	1.79
	3.069
	Higher-than-expected burden

	7
	Marunda
	1.758
	3.014
	Higher-than-expected burden

	8
	Jati Pulo
	1.719
	2.947
	Higher-than-expected burden

	9
	Petojo Utara
	1.676
	2.874
	Higher-than-expected burden

	10
	Pasar Baru
	1.523
	2.612
	Higher-than-expected burden



Panel C. Robustness of literature-informed and equal-weight HNFBDev
	Robustness metric
	Value
	Interpretation

	Pearson correlation
	0.99
	Very high numerical agreement

	Spearman rank correlation
	0.97
	Very high rank-order stability

	RMSE
	0.144
	Low average difference between specifications

	Overall implication
	—
	Main HNFBDev pattern is not driven primarily by the literature-informed weighting scheme



Panel D. Interpretation boundary
	Result type
	What it supports
	What it does not prove

	Positive HNFBDev
	Observed burden is higher than environmentally expected
	Does not prove adaptation failure, infrastructure weakness, or poor governance

	Negative HNFBDev
	Observed burden is lower than environmentally expected
	Does not prove resilience or successful adaptation

	High-High cluster
	Higher-than-expected burden is spatially organized
	Does not identify the causal mechanism

	Low-Low cluster
	Lower-than-expected burden is spatially organized
	Does not identify protection effectiveness

	Literature-informed weight and equal-weight robustness
	Pattern is stable under alternative weighting
	Does not remove all uncertainty from flood mapping, burden definition, or model specification



