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Abstract: Mangrove carbon assessments require spatially explicit methods whose assumptions, data support, and verification
status remain traceable. This study presents an integrated workflow for operational mangrove mapping, modeled above-ground
carbon (AGC) estimation, complementary carbon accounting, parameter sensitivity, and a prototype digital measurement,
reporting, and verification (MRV) provenance layer for a Sundarbans area bounded by approximately 88.10-89.10°E and
21.50-22.35°N. Sentinel-2 surface-reflectance observations from 1 January to 30 April 2023 were cloud-screened, median
composited, and used to calculate NDVI; NDVI > 0.4 defined the operational mangrove mask. The supplied Google Earth
Engine workflow quality-screened GEDI monthly rh100, median-composited it, applied its original rh100/100 transformation,
and filled unobserved structural values using 15x NDVI. Biomass and carbon were modeled as AGB = Hx NDVIx 10.5 and
AGC = 0.47x AGB. The retained raster footprint contains 15,793,243 mangrove cells (157,932.43 ha under the nominal 0.01 ha-
per-cell convention). Mean AGC density was 2.8060 t C ha™ (median 2.7935; standard deviation 0.6325), with total modeled
AGC of 443,164.99 t C and derived AGB of 942,904.24 t. A separate InVEST baseline reports 409,383 t C. Combined variation of
the project-specific AGB coefficient and carbon fraction produced 343,486.54-550,027.47 t C (-22.49% to +24.11%); this is
parameter sensitivity, not a confidence interval. GEE and InVEST outputs are complementary, non-equivalent model results.
The prototype demonstrates evidence handling and digital provenance workflows, not carbon-credit certification or independent
verification. No independent field validation was available, and reported values represent modeled above-ground carbon rather
than total ecosystem carbon.

Keywords: mangrove; blue carbon; Sentinel-2; GEDI; above-ground carbon; Google Earth Engine; InNVEST; digital MRV;
provenance.

L. INTRODUCTION
Mangroves support coastal habitat, fisheries, shoreline processes, and substantial carbon stocks. Their climate significance includes
both stored carbon and the potential emissions associated with ecosystem loss; defensible assessment therefore requires clearly
defined carbon pools and careful interpretation of stock estimates [1-3]. Mangrove blue carbon includes above-ground and below-
ground biomass, dead organic matter, and soil carbon. A remotely modeled above-ground carbon (AGC) quantity alone is not a total
ecosystem-carbon inventory, and its interpretation depends on measurement design and the evidence available for calibration and
validation [4, 5].
Satellite observations and geographic information systems extend spatial coverage in coastal landscapes where field access can be
difficult. Sentinel-2 multispectral imagery supports vegetation characterization and land monitoring [6]; GEDI waveform lidar
provides canopy-structure observations at sampled locations rather than continuous measurement at every map cell [7]. Integration
of optical and structural data can support spatial modeling, but image resolution by itself does not demonstrate classification or
carbon-estimation accuracy. Reviews of mangrove remote-sensing assessments highlight continuing challenges in validation, pool
completeness, and comparability [8]. Regional Sundarbans biomass studies provide context but do not calibrate the project-specific
equation used here [9, 10].
A further challenge is traceability: a reported raster total can become detached from its spatial footprint, equations, parameters, and
validation status. Digital MRV and provenance systems may organize evidence and record processing history, but automation does
not independently establish ecological validity [11]. Blockchain and digital-carbon research discusses potential provenance and
lifecycle functions alongside governance and interoperability constraints [12—15].
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This study documents a workflow connecting Sentinel-2 and GEDI processing, modeled AGC, a separate INVEST baseline,
parameter sensitivity, geospatial quality control, and a conceptual digital-MRV/provenance architecture for the Sundarbans. Its
contribution is the integration of these components while explicitly distinguishing modeled carbon, independently verified
environmental quantities, and digital-asset lifecycle states. It does not claim field validation, credit issuance, or a market transaction.
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Figure 1: Study setting and framework. Quantitative outputs cover a smaller extent than the analytical AOI; verification and asset
lifecycle states are proposed rather than demonstrated.

1. MATERIALS AND METHODS
A. Study Area
The analytical area of interest (AOI) is bounded by 88.10-89.10°E and 21.50-22.35°N. The supplied quantitative 2023 GeoTIFF
products cover a smaller footprint, approximately 88.649974-89.100030°E and 21.549955-22.100173°N, in EPSG:4326 / WGS 84.
The reported raster statistics therefore describe the retained product footprint, not the full analytical AOI. The supplied workflow
applies a nominal area of 0.01 ha per 10 m cell; this implemented convention is retained without substituting a geodesic-area
calculation.

B. Data Sources and Software

Sentinel-2 surface reflectance, GEDI structure, supplied quantitative rasters, and the InVEST baseline form the principal inputs
(Table 1). Google Earth Engine (GEE) supported filtering, compositing, and raster modeling [16]; QGIS supported projection
handling, spatial inspection, visualization, and quality control. INVEST 3.20.0 supplied a separate land-use/land-cover (LULC)-
based carbon-storage estimate [17].

C. Sentinel-2 Preprocessing

Sentinel-2 imagery from 1 January through 30 April 2023 was filtered to the AOI and image-level cloud percentage below 20%.
QA0 bits 10 (opaque cloud) and 11 (cirrus) were masked. Surface-reflectance values were scaled as p, = DN,/10000, and retained
observations were median-composited.
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Table 1: Datasets, software, and principal processing parameters.

Component Source Period/domain Role and processing

Image cloud percentage < 20%; QAG0 bits

2023-01-01-2023- 10 and 11 masked,; reflectance divided by

04-30; AOI 10,000; median composite; B8 and B4 used
for NDVI.

Select rh100; quality_flag=1;
degrade_flag=0; median composite; original

Sentinel-2 COPERNICUS/S2_SR_HARMONIZED

GEDI  LARSE/GEDI/GEDI02 A 002 MONTHLY Monthly product

over AOI project transformation rh100/100.
AOI / Analytical AOI and two supplied 2023 AOI bounds in rg:itr?:(; :Z;tgr;]n;:slz grgggezr;gizlﬁi:; q
outputs GeoTIFFs text; EPSG:4326 o

nominal 0.01 ha per cell.

Separate class-based baseline; only above-
ground biomass is non-zero in the supplied
pool configuration.

INVEST Carbon Storage and Sequestration Supplied LULC

INVEST 3.20.0 and pool table

GEE processing and exports; QGIS spatial
Platforms GEE; QGIS Project workflow inspection and internal QC, not independent
carbon validation.

D. NDVI-Based Mangrove Mask
NDVI was calculated from near-infrared band B8 and red band B4:

BS - B4
NDVI=— —— | 1)
B8 + B4

The operational mangrove mask was defined as M = 1 where NDVI > 0.4 and M = 0 otherwise. This project-specific threshold is not
treated as a universal mangrove classifier.

E. GEDI Canopy-Height Processing

The workflow selected rh100 from LARSE/GEDI/GEDI02_A_002_MONTHLY, retained observations with quality flag=1 and
degrade_flag=0, and median-composited the quality-screened observations. It then applied the original project transformation Heep,
= rh100/100. This is reported as implemented, not as a universal unit conversion. Unobserved structural cells were filled according
to Hgsp = 15 x NDVI, equivalent to the supplied unmask operation. No separate GEDI support mask was retained in the quantitative
outputs, so observed and filled-cell contributions cannot be separately quantified.

F. Above-Ground Biomass Estimation
Above-ground biomass density was modeled as
AGB = Hegtimates X NDVI x 10.5, 2
where 10.5 is the project-specific empirical coefficient; independent calibration evidence was unavailable.

G. Above-Ground Carbon Estimation
Modeled above-ground carbon density was calculated as
AGC =0.47 x AGB, (3)

where 0.47 is the project-specified biomass-to-carbon fraction, not a universal or IPCC-mandated mangrove constant. The carbon
quantity per cell follows the implementation C,ixes = AGC x 0.01, using the nominal 0.01 ha pixel area. These equations represent
above-ground pools only.
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Supplied GEE workflow for modeled mangrove AGC

Reported 2023 products use the original project implementation

SENTINEL-2 OPTICAL BRANCH

Surface reflectance QAGO cloud/cirrus mask Median NDVI = (B8-B4) Operational mangrove mask
January—April 2023 — scale by 10,000 — composite [ / (B8+B4) NDVI > 0.4
GEDI STRUCTURAL BRANCH — ORIGINAL PROJECT IMPLEMENTATION
LARSE/GEDI/ Median composite Original transformation Suppliedscriptsidoinotapply
GEDIO2_A_002_MONTHLY - over the AOI - H_GEDI = rh100 / 100 quality_flag or degrade_flag filters;
select rh100 no separate support mask is exported.
Unobserved structural cells are filled by the supplied NDVI relationship
H_gap = 15 x NDVI; H_estimated = unmask(H_GEDI, H_gap)
AGB = H_estimated x NDVI x 10.5 Apply NDVI > 0.4 mask
10.5 is the project-specific empirical coefficient 4’ AGC = AGB x 0.47 (project-specified fraction)

Model-derived above-ground carbon; no independent field validation is available.

Figure 2: Remote-sensing workflow from Sentinel-2 preprocessing and NDVI mapping through GEDI quality screening, the
implemented height transformation and gap filling, and modeled AGB and AGC. No separate GEDI support mask is retained.

H. InVEST Carbon Storage Estimation

The supplied InVEST 3.20.0 result was retained as a separate LULC-based baseline. It reports 409,383 t C using the supplied
biophysical table, in which above-ground biomass is the only non-zero carbon pool. The result is not a field measurement, a full
four-pool inventory, or an independent validation of the GEE estimate.

I.  Sensitivity Analysis
Sensitivity scenarios vary the AGB coefficient across 8.5, 10.5, and 12.5 and the biomass-to-carbon fraction across 0.45, 0.47, and
0.49. Combined scenarios were scaled from the reported baseline Cy = 443,164.99t C as

B f

Cei=C
BI= 207105 047

: (4)

where B and f are the tested coefficient and carbon fraction. The resulting range is parameter sensitivity, not a confidence interval,
prediction interval, or complete uncertainty assessment. Threshold alternatives and footprint-wide gap-fill scenarios could not be
calculated from the retained products.

J. Digital MRV and Provenance Architecture

The conceptual evidence record links the AOI and actual output footprint, coordinate reference system and raster dimensions,
observation period, source datasets, processing version, equations and parameters, quality masks, output units, sensitivity scenarios,
validation status, and evidence identifiers. The proposed lifecycle distinguishes MODELED, QC, VERIFIED, ISSUED,
TRANSFERRED, and RETIRED. Blockchain or digital provenance can preserve identifiers and processing records, but does not
itself establish scientific accuracy, eligibility, ownership, independent verification, additionality, permanence, or registry approval.
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Figure 3: Mapped 2023 operational mangrove extent from the supplied binary raster (1 = mangrove; 0 = other), based on NDV1 >
0.4. The classification is not independently field-validated.

K. Prototype Implementation

The BlueChain prototype demonstrates project registration and boundary entry, carbon-analysis presentation, verifier review,
project-status management, metadata/IPFS handling, blockchain transaction interaction, and digital-asset/NFT representation. The
interfaces demonstrate workflow functionality only. Their displayed carbon values are demonstration/test outputs and are not used
in the authoritative Sundarbans-wide results.

1. RESULTS AND DISCUSSION
A. Mangrove Extent and Spatial Carbon Estimation
The retained quantitative grid contains 30,686,250 cells. Of these, 15,793,243 are classified as mangrove and 14,893,007 as non-
mangrove, giving a mangrove-cell proportion of 51.4668%. Applying the project’s nominal 0.01 ha per cell yields a mapped
operational extent of 157,932.43 ha (1,579.32 km?). This describes the supplied raster footprint, not the full AOI, and preserves the
implemented area convention.

B. Carbon-Density Characteristics

Mean modeled AGC density is 2.8060 t C ha™', median 2.7935 t C ha™', and standard deviation 0.6325 t C ha'. The reported
minimum is 0.1606 and maximum is 16.0198 t C ha™'. Total modeled AGC is 443,164.99 t C. Dividing by the project-specified 0.47
carbon fraction gives derived total AGB of 942,904.24 t, with mean AGB density 5.9703 t ha™' (Table 2). These are model-derived
values, not field measurements. Their variation describes the modeled output; it does not establish ecological accuracy or local
ecological causes.

C. Comparison with InNVEST Carbon Storage

INVEST reports baseline carbon storage of 409,383 t C. This is complementary to, rather than directly equivalent to, the GEE-
derived 443,164.99 t C modeled AGC (Table 3). GEE produces continuous modeled AGC using the height/NDVI equations and
nominal cell-area aggregation; INVEST assigns supplied carbon-pool values to LULC classes. The estimates differ in framework,
spatial support, pool representation, and parameterization. Their numerical difference must not be interpreted as model accuracy or
validation.
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Table 2: Principal modeled carbon results for the retained raster footprint.

Metric Reported value
Total raster cells 30,686,250
Mapped mangrove cells 15,793,243
Mangrove-cell proportion 51.4668%
Mapped mangrove area 157,932.43 ha
Mean modeled AGC density 2.8060tCha’
Median modeled AGC density 2.7935tCha’’
Standard deviation 0.6325tCha”’
Minimum modeled AGC density 0.1606tCha™’
Maximum modeled AGC density 16.0198tCha™
Total modeled AGC 443,164.99t C
Mean AGB density 5.9703tha™'
Total modeled AGB 942,904.24 t

Table 3: GEE-derived AGC and InVEST baseline carbon storage.
Framework Carbon (t C) Scope and interpretation

Modeled above-ground carbon from the supplied Sentinel-2/GEDI

GEE-derived AGC 443,164.99 . .
workflow; nominal area aggregation.

LULC-based baseline under supplied pool parameters; only the

INVEST baseline 409,383 .
above-ground pool is non-zero.

Note: These estimates use different modeling frameworks and are complementary rather than directly equivalent validation
measurements.

D. Sensitivity Analysis

Combined parameter scenarios span 343,486.54-550,027.47 t C, or —22.49% to +24.11% relative to baseline (Table 4). This range
demonstrates sensitivity to the selected empirical coefficient and carbon fraction. It does not encompass classification, structural-
data support, gap filling, model form, or spatial-processing uncertainty and is not a statistical interval.

E. Digital MRV and Provenance Implications
The framework links modeled quantities to the data period, footprint, equations, parameters, sensitivity, and validation status. The
provenance layer is intended to support evidence organization and lifecycle traceability. A modeled stock is distinct from a verified

environmental quantity, and both are distinct from an issued or tradable digital asset.
Only the above-ground pool is non-zero
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Figure 4: Reported INVEST pool contribution under the supplied biophysical parameterization. Zero values indicate the supplied
configuration, not ecological absence of the corresponding pools.
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Table 4: Combined parameter sensitivity relative to the reported baseline.

Scenario Total modeled AGC (t C) Difference from baseline
Lower (coefficient 8.5; fraction 0.45) 343,486.54 —22.49%
Baseline (coefficient 10.5; fraction 0.47) 443,164.99 0.00%
Upper (coefficient 12.5; fraction 0.49) 550,027.47 +24.11%

F. Prototype Implementation

Figure 6 consolidates the six prototype screenshots. They demonstrate registration, analysis presentation, verifier review, transaction
request, and digital representation. The analysis screen displays approximately 1,235.62 tonnes C; this is a demonstration/test
output, not the authoritative Sundarbans-wide estimate reported here. A wallet request or minting confirmation is not evidence of an
actual carbon-market transaction, external certification, or legal ownership.

V. LIMITATIONS AND IMPLICATIONS

No independent field validation was available; no RMSE, MAE, R?, classification accuracy, or field-calibrated performance statistic
is therefore reported. The AGB relationship uses the project-specific coefficient 10.5, and 0.47 is a project-specified carbon fraction.
NDVI > 0.4 is an operational threshold, not a validated universal classifier. The empirical 15x NDVI relationship fills missing
structural values, but the quantitative outputs do not retain a separate GEDI support mask. The supplied raster footprint is smaller
than the analytical AOI, and area aggregation uses the nominal 0.01 ha-per-cell convention in EPSG:4326.

GEE and InVEST arise from different frameworks, extents, pool scopes, and parameters; their difference is not validation.
Sensitivity testing varies two parameters and is not a full statistical uncertainty analysis. No quantitative 2019-2023 carbon change,
sequestration rate, or carbon-credit quantity is established. The digital MRV/provenance architecture and prototype are
conceptual/software demonstrations. Blockchain technology cannot independently establish ecological validity, additionality,
permanence, eligibility, external verification, legal ownership, registry acceptance, or carbon-credit certification. Future deployment
would require separate observed and gap-filled layers, representative independent field measurements, explicit support and

uncertainty information, appropriate pool data, and external review under applicable MRV rules.
Proposed digital MRV and provenance architecture

Evidence storage and governance references are distinct; a ledger does not validate environmental measurements

2\ I

OFF-CHAIN: ENVIRONMENTAL EVIDENCE PROPOSED SHARED PROVENANCE LAYER

Source imagery and quality-screened GEDI inputs Persistent project / evidence identifiers

A, raster footprint, CRS and dimensions Spatial boundary, period, units and carbon scope

Processing scripts, parameters and version File hashes and links to evidence records

Mangrove mask and modeled AGC-density raster Method, parameter and software version

InVEST inputs and baseline outputs. QC, validation and verification status

QC reports, uncertainty and support masks Authorized lifecycle events and timestamps

— Y Y
SR\ ——)
— ey 7
«_Jo__JUJC

!

PROPOSED LIFECYCLE | MODELED - QC - VERIFIED - ISSUED - TRANSFERRED - RETIRED ’

The architecture is conceptual. Provenance records do not establish scientific validity, eligibility, ownership, or independent verification; no asset issuance or trade is claimed.

Figure 5: Proposed MRV provenance architecture linking off-chain environmental evidence with identifiers, metadata, integrity
hashes, quality-control and verification status, and lifecycle records. The architecture is conceptual and does not independently
establish validity or verification.
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(d) Project/blockchain view. ' (e) Wallet request. (f) Prototype mint confirmation.

Figure 6: Prototype implementation screens for registration, analysis, review, and digital-asset workflow. Interface values and
transaction states are demonstration/test outputs, not authoritative Sundarbans-wide estimates, external verification, or certified
carbon credits.

V. CONCLUSION

This study documents a spatially explicit workflow combining 2023 Sentinel-2 vegetation information, quality-screened GEDI
rh100, project-defined height processing and gap filling, modeled AGB and AGC, a separate INVEST baseline, parameter
sensitivity, and a proposed evidence-centric digital-MRV layer. For the retained raster footprint, mapped mangrove extent is
157,932.43 ha and total modeled AGC is 443,164.99 t C; INVEST separately reports 409,383 t C under its supplied LULC and pool
parameters. Combined parameter scenarios span 343,486.54-550,027.47 t C, demonstrating sensitivity rather than statistical
uncertainty. These values represent modeled above-ground carbon and are not independently field-validated or equivalent to total
ecosystem carbon. The prototype demonstrates evidence handling and provenance, not certified credits or independently verified
environmental quantities. Field validation, stronger support and uncertainty records, and external verification remain necessary
before any application to credit issuance or trade.
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