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Abstract:
Climate mitigation increasingly depends on carbon measurements that are spatially explicit,
temporally frequent, auditable and resilient to cyber-physical manipulation. Existing satellite,
terrestrial sensing, digital-twin and mobile-network solutions remain fragmented, while
emerging 6G and low-Earth-orbit infrastructures create both an opportunity for continuous
environmental intelligence and a new security surface. This paper proposes a model-based
architecture that integrates Earth-observation satellites, terrestrial geospatial sensors, 6G/LEO
connectivity, uncertainty-aware multimodal fusion, environmental digital twins and quantum-
resilient trust controls for carbon measurement, reporting and verification (MRV). The
methodological contribution is the Satellite–6G Quantum-Secure Environmental Digital Twin
Intelligence (S6Q-EDTI) framework. It combines matrix state estimation, dynamic digital-
twin updating, constrained multi-objective optimization, Bayesian uncertainty propagation
and a risk-adjusted climate-intelligence score. The literature supplied for the study supports
the feasibility of GIS-based environmental digital twins, secure 5G/6G twins, LEO routing,
sensor-fusion architectures, quantum/post-quantum communications and Earth-observation
analytics (Rusnák et al. 2026; Khan, Qureshi & Abd Malek 2026; He et al. 2026; Miao et al.
2026). An illustrative 0–10 numerical example yields a composite system score of 8.55/10
under assumed weights, while explicitly avoiding claims of empirical validation. The paper
further develops an invention-oriented architecture and draft claim concepts centered on
cryptographically verifiable provenance, cross-layer fusion, adaptive routing and uncertainty-
bounded carbon estimates. The proposed approach provides a coherent foundation for
scalable carbon MRV, environmental digital twins and planetary-scale climate decision
intelligence, subject to future field validation, standards alignment and jurisdiction-specific
legal review.
Keywords: Satellite–6G integration; geospatial sensor fusion; carbon MRV; environmental
digital twin; climate intelligence; low-Earth-orbit networks; post-quantum cryptography;
quantum-secure communications; Earth observation; Bayesian data fusion; uncertainty
quantification; provenance; edge intelligence; climate-risk analytics; digital-twin
orchestration.
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1. Introduction

Reliable climate intelligence requires the conversion of heterogeneous observations

into decision-grade estimates of emissions, removals, ecosystem condition and risk.

Satellite systems provide broad spatial coverage, while ground and mobile sensors

offer local temporal detail. Yet these modalities differ in resolution, sampling cadence,

calibration stability and vulnerability to missing or adversarial data. The research

problem is therefore not simply to collect more measurements, but to fuse them into a

traceable environmental state representation whose uncertainty and provenance can be

inspected throughout the inference chain.

Recent work on GIS-based digital twins demonstrates the growing role of geospatially

grounded virtual representations for environmental monitoring and climate-change

analysis (Rusnák et al. 2026). Sensor-fusion research similarly shows that distributed

sensing can be combined with autonomous reasoning and digital-twin processes,

although much of the literature remains domain-specific (Alvim et al. 2026). In

parallel, 6G-oriented digital twins and LEO networking are moving toward adaptive

optimization, AI-native control and low-latency connectivity (Yurt, Ulusu & Tunc

2025; Xie et al. 2026; Sallent et al. 2024).

The security dimension is equally important. Carbon and environmental

measurements can influence financial claims, regulatory compliance, infrastructure

operations and international reporting. Consequently, measurement integrity cannot

be separated from communications security, device identity, provenance and long-

term cryptographic resilience. Quantum-resilient threat modelling for 6G corridors,

post-quantum/quantum fusion protocols for LEO links and quantum key-negotiation

architectures illustrate the emerging technical basis for such protection (Hafeez, Abro

& Mustafa 2025; Khan, Qureshi & Abd Malek 2026; Dong, Huang & Zhang 2026).

This paper therefore treats climate intelligence as a cyber-physical estimation problem

spanning observation, communications, fusion, digital-twin state evolution and

decision support. The contribution is not a claim of field-tested performance; rather, it

is a rigorous system formulation that links the major layers mathematically and

operationally. The framework is designed for future empirical testing using real

satellite, atmospheric, ecosystem, network and security telemetry.

Research Problem
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Existing environmental measurement systems generally separate Earth observation,

ground sensing, network transport, cybersecurity and digital-twin inference. This

separation creates three technical failure modes: heterogeneous observations cannot

be reconciled with consistent uncertainty; data provenance may be lost or unverifiable

as measurements traverse multi-operator terrestrial and non-terrestrial networks; and

carbon-MRV outputs can become stale or non-auditable when network latency,

missing data or sensor faults are not integrated into the state-estimation logic.

1.1 Research Questions

RQ1. How can satellite Earth-observation and terrestrial geospatial sensors be fused

through 6G/LEO networks while preserving spatial-temporal consistency and

quantified uncertainty?

RQ2. How can post-quantum and quantum-ready security controls protect

environmental data provenance, routing and carbon-MRV outputs across edge,

satellite and cloud layers?

RQ3. What mathematical representation can connect observation quality, network

performance, fusion confidence, digital-twin fidelity and carbon-estimation reliability

in a unified model?

RQ4. How can environmental digital twins assimilate multimodal observations

continuously without overstating precision when data are sparse, delayed or

contradictory?

RQ5. What multi-objective optimization criteria are appropriate for balancing

accuracy, latency, energy use, security strength and carbon-MRV confidence?

RQ6. Which architecture elements appear potentially differentiating for an invention-

oriented implementation when compared with the supplied prior-art references?

1.2 Research Objectives

O1. To design an integrated Satellite–6G–geospatial architecture for secure

environmental sensing and carbon MRV.

O2. To formulate mathematical models for sensor fusion, dynamic digital-twin

updating, risk adjustment and constrained optimization.

O3. To construct an illustrative numerical scoring model that demonstrates

transparent aggregation without presenting assumed values as empirical evidence.
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O4. To identify implementation variables, validation metrics and uncertainty controls

suitable for later field deployment.

O5. To synthesize the supplied literature into a clear research-gap and prior-art

differentiation analysis.

O6. To develop a patent-oriented invention framework with system, method and

dependent-claim concepts for later professional legal drafting.

2. Literature Review

Environmental digital twins are increasingly positioned as dynamic geospatial

representations rather than static dashboards. Rusnák et al. (2026) explicitly connect

GIS-based digital twins with environmental monitoring and climate change. This

provides a conceptual base for spatially registered state estimation, but the reference

does not itself establish the full Satellite–6G–quantum-secure carbon-MRV chain

proposed here.

Distributed sensor fusion and autonomous reasoning provide a second pillar. Alvim et

al. (2026) present a sensor-based multi-agent ecosystem coupling sensor fusion,

digital twins and autonomous-agent reasoning. Although the application domain

differs, the architecture supports the broader principle that heterogeneous physical

observations can feed an adaptive digital representation and decision layer. Pan et al.

(2025) further emphasize hierarchical multi-level attention for sensor-fault tolerance

in digital twins, reinforcing the need to make fusion robust to defective channels

rather than assuming clean inputs.

For communications, 6G digital-twin research highlights optimization, intent

coordination and secure predictive control. Yurt, Ulusu and Tunc (2025) study intent

fusion and conflict resolution in 6G networks through digital twins; Sallent et al.

(2024) frame optimization as a service exploiting network digital twins; and He et al.

(2026) connect secure 5G/6G AI-driven digital twins with real-time monitoring and

predictive control. Xie et al. (2026) address hierarchical routing for 6G LEO satellite

networks, which is directly relevant when environmental observations traverse non-

terrestrial segments.

Security references point toward a hybrid future in which post-quantum and quantum

mechanisms coexist. Khan, Qureshi and Abd Malek (2026) describe an adaptive

multipath quantum/post-quantum fusion protocol for LEO satellite communications.
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Hafeez, Abro and Mustafa (2025) examine quantum-resilient threat modelling for

RIS-assisted integrated sensing and communication in 6G UAV corridors. Dong,

Huang and Zhang (2026) provide an example of AI combined with quantum key

negotiation in a secure-communications architecture. Together, these sources motivate

a security plane that is not a bolt-on encryption layer but an integral control variable

in routing, fusion and provenance.

The geospatial-intelligence layer also requires machine-readable spatial context. Ech-

Chadi et al. (2026) propose a cognitive spatial foundation for agentic AI in urban

digital twins. Xiang et al. (2026) show deep-learning-aided fusion under GNSS-

denied conditions, illustrating how robust state inference can persist when a globally

available positioning modality becomes unreliable. For Earth-observation intelligence,

Miao et al. (2026) use Earth-observation data and multivariable machine learning to

assess climate-driven lag and cumulative vegetation effects, demonstrating the

analytical value of global remote-sensing time series.

The supplied corpus additionally includes Pasupuleti (2026a), which focuses

specifically on satellite-based carbon MRV using remote sensing and atmospheric

inference, and Pasupuleti (2026b), which considers Earth-system foundation models

integrating satellite, oceanic and land-surface intelligence. These works provide topic-

specific context for linking measurement, inference and climate intelligence while the

present paper adds a 6G/LEO, quantum-secure, digital-twin and cross-layer

optimization emphasis.

Prior-Art Differentiation Matrix

Supplied reference Relevant disclosed

direction

Potential distinction of

proposed combination

Rusnák et al. 2026
GIS-based environmental

digital twins

Adds 6G/LEO transport,

quantum-secure

provenance and carbon-

MRV confidence coupling

Alvim et al. 2026
Sensor fusion + digital

twins + agents

Adds geospatial carbon

measurement, non-

terrestrial networking and
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cryptographic trust plane

Yurt, Ulusu & Tunc 2025
Intent fusion in 6G digital

twins

Applies cross-layer

orchestration to

environmental sensing and

verifiable MRV

Hafeez, Abro & Mustafa

2025

Quantum-resilient security

for 6G UAV/ISAC

Couples security state to

sensor-fusion acceptance

and carbon confidence

Khan, Qureshi & Abd

Malek 2026

Quantum/PQ fusion for

LEO communications

Extends secure transport

into provenance-bound

environmental state

assimilation

He et al. 2026
Secure 5G/6G AI digital

twins

Adds carbon MRV,

satellite/ground geospatial

fusion and explicit

uncertainty outputs

Xie et al. 2026
Adaptive routing in 6G

LEO networks

Adds data-value and trust-

aware routing tied to

digital-twin assimilation

Pan et al. 2025
Fault-tolerant sensor fusion

in digital twins

Adds quantum-secure

provenance, LEO/6G

orchestration and carbon

audit output

Independent System

1. A computer-implemented environmental intelligence system comprising: a

plurality of satellite and terrestrial sensing nodes configured to generate geospatially

and temporally referenced environmental observations; a terrestrial and non-terrestrial

communications fabric including at least one 6G network segment and at least one

satellite network segment; a cryptographic trust subsystem configured to associate the

observations with integrity, identity, calibration or provenance evidence using a

quantum-resilient cryptographic mechanism; a multimodal fusion processor

configured to generate an environmental state estimate and an uncertainty measure
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from the observations; an environmental digital-twin engine configured to update a

versioned digital representation according to the state estimate, the uncertainty

measure and freshness or integrity criteria; and a carbon measurement processor

configured to generate a carbon measurement, reporting or verification output

together with a machine-verifiable confidence and provenance descriptor.

Independent Method

2. A computer-implemented method comprising: acquiring heterogeneous Earth-

observation and terrestrial environmental measurements; assigning geospatial-

temporal metadata and source-specific uncertainty to the measurements; selecting one

or more terrestrial or non-terrestrial communication paths according to latency,

reliability, energy and security criteria; cryptographically binding provenance or

calibration evidence to the measurements using a quantum-resilient mechanism;

fusing the measurements to estimate an environmental state and associated

uncertainty; conditionally assimilating the estimated state into an environmental

digital twin based on integrity, freshness and confidence thresholds; estimating a

carbon quantity or flux from the updated digital twin; and outputting the carbon

estimate with an uncertainty descriptor and verifiable data-lineage record.

Dependent-System

3. The system of claim 1 wherein the satellite observations include at least two of

optical, SAR, hyperspectral, thermal or atmospheric measurements.

4. The system wherein the cryptographic trust subsystem supports crypto-agile

switching among classical, post-quantum and hybrid key-establishment modes.

5. The system wherein routing cost includes a data-value term derived from the

expected reduction in digital-twin state uncertainty.

6. The system wherein an observation failing a cryptographic-attestation or

calibration-validity condition is quarantined or down-weighted during fusion.

7. The system wherein the fusion processor generates a covariance, credible interval

or conformal uncertainty bound for the carbon estimate.

8. The system wherein the environmental digital twin preserves versioned state

transitions and cryptographic hashes for audit reconstruction.
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9. The system wherein the carbon-MRV output includes spatial support, temporal

support, model version, sensor provenance and an integrity status.

10. The method wherein edge nodes perform preliminary anomaly detection and

compress or prioritize observations before satellite/6G transmission.

11. The method wherein the communications path is reconfigured in response to a

predicted latency violation, security-risk increase or link degradation.

12. The method wherein contradictory observations are resolved by source reliability,

uncertainty, calibration age and spatial-temporal consistency scores.

2.1 Conceptual Framework

The conceptual model assumes that climate-intelligence quality is produced by a

chain of interdependent capabilities rather than by any single sensor or model.

Observation quality influences fusion accuracy; 6G/LEO connectivity determines

whether observations arrive within a useful assimilation window; security and

provenance controls determine whether inputs and outputs can be trusted; fusion

quality affects the state estimate; state-estimation quality drives environmental digital-

twin fidelity; and twin fidelity constrains the confidence of carbon MRV and climate-

risk outputs. The architecture therefore treats uncertainty, latency and cryptographic

trust as co-determinants of decision quality.
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Figure 2. Conceptual causal chain linking observations, 6G connectivity, security,

fusion, digital-twin fidelity, carbon MRV and climate intelligence.

2.2 Research Gap

Theoretical gap. The supplied literature contains strong component-level research, but

no single cited work integrates satellite Earth observation, terrestrial sensor fusion,

6G/LEO transport, quantum-resilient provenance, environmental digital twins and

carbon-MRV confidence within one mathematical system model.

Methodological gap. Existing digital-twin and sensor-fusion studies frequently

optimize domain-specific performance, whereas environmental MRV requires

simultaneous treatment of geospatial registration, asynchronous observations,

uncertainty propagation, cryptographic integrity and network constraints.

Empirical gap. The available source set does not provide a shared benchmark dataset

spanning satellite imagery, atmospheric measurements, terrestrial carbon sensors,

6G/LEO telemetry and cryptographic events. Hence this paper necessarily remains

model-based and illustrative.

Sectoral and policy gap. Carbon claims can have regulatory and financial

consequences, but communications reliability and provenance are often separated

from the MRV model. A cross-layer architecture is needed to expose confidence

bounds, provenance evidence and operational assumptions to auditors and decision-

makers.

3. Methodology

This paper proposes a model-based analytical framework and uses illustrative

numerical scoring for demonstration; empirical validation requires real-world data

collection.

The research design is systems-analytic and constructive. It synthesizes the supplied

literature into a layered reference architecture; defines state, observation, security and

network variables; develops matrix, dynamic, probabilistic and optimization equations;

and performs an illustrative normalized scoring exercise. A future empirical program

would sample geographically diverse carbon-monitoring sites and combine satellite

scenes, atmospheric products, terrestrial sensors, meteorological measurements, land-

cover attributes, network telemetry and cryptographic audit logs. Validation would



Vol-06|Issue-09|September|Year-2026 International Journal of Academic and Industrial Research Innovations (IJAIRI) ISSN: 3049-2343

www.nationaleducationservices.org 115

include cross-sensor calibration, temporal holdouts, spatial transfer tests, ablation

analysis, uncertainty calibration, latency stress tests and adversarial-integrity tests.

Figure 1. Proposed Satellite–6G quantum-secure environmental intelligence

architecture.

Novel Architecture / Method

The proposed architecture uses a cross-layer trust-and-fusion controller that jointly

selects sensor observations, communications paths, cryptographic protection and

digital-twin assimilation actions according to information value, latency, uncertainty,

energy and residual security risk. Each observation is associated with geospatial-

temporal metadata, calibration state and cryptographic provenance. A fusion engine

computes both the environmental state estimate and its uncertainty; the environmental

digital twin updates only when freshness, integrity and confidence thresholds are

satisfied. Carbon outputs are emitted with a machine-verifiable provenance chain and

confidence descriptor.

Implementation
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Satellite and airborne modalities may include optical, SAR, hyperspectral, thermal,

atmospheric and GNSS-derived products; terrestrial modalities may include gas

concentration, flux, weather, soil, hydrology and ecosystem sensors.

6G/LEO connectivity is abstracted as a graph whose edges carry latency, bandwidth,

reliability, energy and cryptographic-cost attributes. The controller can reroute

observations when trust or freshness thresholds are violated.

The trust plane may support post-quantum key establishment, hybrid classical/PQ

mechanisms, QKD-ready interfaces, hardware-rooted attestation, signed calibration

records and append-only provenance receipts.

The fusion plane may use covariance-weighted estimation, attention-based fusion,

Bayesian filtering or graph/tensor models, provided that per-source uncertainty is

retained.

The digital twin maintains a versioned state and can reject, down-weight or quarantine

observations that fail anomaly, integrity, calibration or temporal-consistency checks.

Carbon-MRV outputs include estimated quantity, spatial-temporal support,

uncertainty interval, data lineage, model version and integrity status.

3.1 Mathematical Framework

Let the latent environmental state at location g and time t be x(g,t), containing carbon

flux, atmospheric concentration, vegetation condition, soil state, meteorology and

relevant nuisance variables. Let y_k(g,t) denote the observation from modality k, with

modality-specific operator H_k and noise ε_k.

yk(g,t)=Hkx(g,t)+εk(g,t),εk N(0,Rk) (1)

A confidence-weighted multimodal fusion estimate can be represented as:

x̂t=(ΣkHkᵀRk⁻¹Hk+Λ)⁻¹(ΣkHkᵀRk⁻¹yk,t+Λx̄t) (2)

where Λ regularizes the solution toward a prior state x̄_t. In matrix state-space form:

xt+1=Atxt+Btut+wt;yt=Htxt+vt (3)

The environmental digital twin evolves dynamically through assimilated observations,

process forcing and model corrections:

dx/dt=F(x(t),u(t),θ)+Gz(t)+ξ(t) (4)
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where z(t) is a data-assimilation correction derived from current observations. A

practical objective is multi-criteria rather than accuracy-only:

minπJ(π)=αEMRV+βL+γEnet+δRsec+ηUsubjecttoCbw,Cenergy,Clatency,Csecurity (5)

Here E_MRV is carbon-estimation error, L is end-to-end latency, E_net is

communications/compute energy, R_sec is residual cyber/cryptographic risk and U is

uncertainty penalty. The policy π controls routing, sampling, fusion and compute

placement.

A Bayesian carbon estimate for a reporting unit can be written:

p(C|Y,P)∝p(Y|C,P)p(C|P) (6)

where C is net carbon quantity, Y is the multimodal observation set and P is

provenance/calibration metadata. This formulation makes audit information part of

the conditioning set rather than an external document.

A risk-adjusted climate-intelligence score is defined as:

CI∗ =[Σiwisi]×T×(1−Un)×(1−Rn) (7)

where s_i are normalized capability scores, w_i are weights summing to one, T is a

trust/provenance factor in [0,1], U_n is normalized uncertainty and R_n is residual

normalized security risk.

3.1.1 Symbol Definitions

Symbol Definition

x(g,t)
Latent geospatial environmental state vector

at location g and time t

y_k
Observation from sensor or Earth-

observation modality k

H_k
Observation operator mapping state to

modality k

R_k Observation-noise covariance

Λ Regularization/prior-information matrix

A_t, B_t State-transition and control matrices

u_t Exogenous forcing or control input

w_t, v_t, ξ(t) Process, observation and dynamic-model
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noise

π
Joint routing/sampling/fusion/compute

policy

E_MRV
Carbon measurement/reporting/verification

error term

L End-to-end latency

E_net Network and computational energy use

R_sec Residual security/cryptographic risk

U Uncertainty penalty

C Carbon quantity or flux of interest

Y Combined observations

P Provenance and calibration metadata

CI* Risk-adjusted climate-intelligence score

T Trust/provenance factor

3.2 Numerical Model for Better Insight

The following numbers are illustrative and normalized from 0 to 10; they are not

measurements from a field deployment. Assume component scores S = {8.6, 8.1, 8.8,

9.0, 8.3, 8.5} for satellite coverage, 6G connectivity, sensor fusion, quantum-security

readiness, twin fidelity and MRV confidence. Let weights be {0.16, 0.14, 0.20, 0.18,

0.15, 0.17}.

Base score = 0.16(8.6)+0.14(8.1)+0.20(8.8)+0.18(9.0)+0.15(8.3)+0.17(8.5) = 8.58

(8)

If the trust/provenance factor T=0.98, normalized uncertainty U_n=0.06 and residual

security risk R_n=0.03, a strict multiplicative risk-adjusted score would be 7.90/10.

For a capability-oriented dashboard that reports system readiness prior to risk

discounting, the weighted capability score remains 8.58/10. To avoid conflating these

two meanings, this paper reports 8.58/10 as the illustrative capability score and

7.90/10 as the illustrative risk-adjusted operational score.
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Figure 3. Illustrative normalized component scores used in the numerical

demonstration.

Figure 4. Illustrative uncertainty reduction across calibration, fusion, digital-twin

assimilation and carbon-MRV output.

3.3 Data and Variables
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Variable Definition Measurement Expected

effect

Relevance

SC

Satellite

coverage and

revisit

adequacy

0–10 or physical

revisit interval
+

Determines broad

spatial observability

TQ

Terrestrial

sensor

quality

0–10; calibration

error
+

Improves local

temporal detail

NC

6G/LEO

connectivity

quality

0–10; latency/loss +
Controls timely data

assimilation

SF
Multimodal

fusion quality

0–10;

RMSE/calibration
+

Reduces modality-

specific error

QS

Quantum/PQ

security

readiness

0–10; compliance

and key metrics
+

Protects links and long-

term

confidentiality/integrity

PV
Provenance

verifiability

0–10; verified

event ratio
+

Supports auditability

and tamper detection

DT
Digital-twin

fidelity
0–10; state error +

Represents physical

system accurately

UN
Normalized

uncertainty
0–1 −

Reduces confidence of

MRV and decisions

SR
Residual

security risk
0–1 −

Discounts operational

trust

CM
Carbon-MRV

confidence

0–10; CI

width/coverage
+

Primary measurement-

quality output

CI

Climate-

intelligence

usefulness

0–10 +
Decision-level

outcome

3.4 Proposed Model / Framework
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The proposed model is named the Satellite–6G Quantum-Secure Environmental

Digital Twin Intelligence framework (S6Q-EDTI). It consists of six coupled planes:

observation, transport, trust, fusion, twin and decision. Its compact system equation is:

S6Q−EDTIt=Φ(Ysat,t,Yground,t,N6G,t,Qsec,t,Pt;θ)→x ̂t,C ̂t,Ut,CIt (9)

The mapping Φ is implemented as an uncertainty-aware fusion and assimilation

pipeline. The outputs are the estimated environmental state x̂_t, carbon estimate C_t,

uncertainty U_t and climate-intelligence output CI_t. The architecture is intentionally

modular so that individual sensing modalities, cryptographic suites or digital-twin

models can be replaced without invalidating the system-level structure.

4. Results and Analysis

Because no empirical dataset was supplied, the results are analytical and illustrative.

The architecture analysis indicates that the strongest system design is not the one that

maximizes a single sensing metric, but the one that prevents weak links from

dominating end-to-end trust. High-resolution satellite observations do not produce

audit-grade carbon estimates if provenance is uncertain; secure links do not

compensate for poorly calibrated sensors; and a high-fidelity digital twin becomes

stale if network latency prevents timely assimilation.

Scenario Fusion Security Latency Twin

fidelity

MRV

confidence

Interpretation

A:

Integrated

S6Q-

EDTI

8.8 9.0 8.1 8.3 8.5

Balanced

cross-layer

performance

B: Strong

sensing,

weak

security

9.0 5.0 8.0 8.4 6.8

Good

estimates but

limited audit

trust

C: Secure

but poorly

connected

8.2 9.2 5.5 6.9 7.0

Trustworthy

data arrive too

slowly for

dynamic use
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D: Fast

network,

weak

fusion

6.2 8.4 9.0 6.4 6.5

Low latency

cannot correct

inconsistent

modalities

Scenario comparison shows why cross-layer co-design matters. In the integrated case,

no individual component is maximized, yet the absence of a severe bottleneck

produces the highest overall MRV confidence. This supports the use of constrained

multi-objective optimization rather than isolated subsystem tuning. The analysis also

implies that uncertainty should be reported as an operational output, not hidden inside

model diagnostics.

The supplied literature is consistent with these design choices. Secure 5G/6G digital

twins support real-time monitoring and predictive control (He et al. 2026); LEO

routing work supports adaptive handling of non-terrestrial traffic (Xie et al. 2026);

sensor-fault-tolerant digital-twin fusion motivates robustness to unreliable streams

(Pan et al. 2025); and Earth-observation machine learning demonstrates the value of

temporally extensive geospatial datasets for climate inference (Miao et al. 2026).

4.1 Discussion

Theoretical contribution. S6Q-EDTI reframes environmental intelligence as a joint

estimation-and-trust system. Rather than treating cybersecurity, telecommunications

and environmental modelling as separate domains, the framework places them in the

same objective function and uncertainty budget.

Practical relevance. A deployment could support carbon-project monitoring, national

inventory augmentation, methane/CO₂ anomaly investigation, ecosystem restoration

verification, climate-resilient infrastructure monitoring and transboundary

environmental intelligence. Different use cases would select different sensors but

retain the same architectural planes.

Policy implications. Decision-makers should distinguish raw measurement accuracy

from verifiable measurement confidence. A carbon estimate with a narrow statistical

interval but weak provenance may be less decision-useful than a slightly less precise

estimate with traceable calibration, cryptographic attestation and reproducible fusion

logic.
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Industry implications. Telecommunications operators, satellite providers, sensor

manufacturers, cloud platforms and carbon-MRV providers could interoperate

through explicit data-quality, provenance and uncertainty contracts. The 6G network

may act as an adaptive orchestration substrate rather than only as a transport pipe,

consistent with digital-twin optimization research (Sallent et al. 2024).

Technological implications. Quantum/post-quantum readiness should be treated as

cryptographic agility. The supplied references support hybrid and quantum-resilient

approaches, but the specific cryptographic suite for a real deployment must be

selected according to current standards, device constraints and threat models rather

than assumed generically.

Ethical considerations. Planetary sensing can create surveillance, sovereignty, fairness

and data-governance concerns. Carbon and climate analytics should therefore apply

proportionality, access controls, transparent uncertainty reporting, purpose limitation

and documented governance for cross-border geospatial data.

5. Conclusion

This paper develops an integrated research framework for Satellite–6G and geospatial

sensor fusion in quantum-secure carbon measurement, environmental digital twins

and global climate intelligence. The S6Q-EDTI architecture connects heterogeneous

observation systems, 6G/LEO communications, provenance and cryptographic trust,

uncertainty-aware fusion, dynamic environmental twins and carbon-MRV decision

outputs. The mathematical formulation combines state-space modelling, covariance-

weighted fusion, dynamic systems, Bayesian inference and constrained multi-

objective optimization. The illustrative numerical analysis demonstrates how

capability and risk-adjusted scores should be separated, thereby preventing assumed

values from being misrepresented as empirical evidence. The primary contribution is

architectural coherence: the framework treats accuracy, latency, uncertainty and trust

as coupled properties of a single environmental intelligence system. Future work

should move from conceptual synthesis to real-world multisite validation,

interoperability testing and standards-aligned security evaluation.

5.1 Limitations
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The study has five main limitations. First, no raw empirical dataset was supplied, so

numerical values are illustrative. Second, measurement models for carbon differ

across forests, soils, oceans, cities and industrial sources, limiting universal

parameterization. Third, the framework simplifies real 6G/LEO scheduling,

propagation and energy constraints. Fourth, cryptographic performance and regulatory

acceptability will evolve as standards and implementations mature. Fifth, the prior-art

discussion is a research-oriented comparison of the supplied references and is not a

legal patentability or freedom-to-operate opinion.

5.2 Future Research Directions

1. Field trials coupling satellite observations with calibrated terrestrial flux,

atmospheric and ecosystem sensors over multiple biomes.

2. Physics-informed and graph-based environmental digital twins with explicit

conservation constraints and uncertainty propagation.

3. Adaptive 6G/LEO routing that co-optimizes latency, energy, data value and

cryptographic overhead for environmental workloads.

4. Standards-aligned post-quantum cryptographic agility, hardware attestation and

tamper-evident provenance for long-lived climate records.

5. Federated and privacy-preserving geospatial learning for cross-border climate

intelligence without unrestricted raw-data pooling.

6. Causal attribution methods that distinguish climate-driven changes from land-use,

sensor drift and observation-selection effects.

7. Auditable carbon-MRV confidence models that combine statistical uncertainty,

provenance strength, spatial representativeness and model risk.

8. Open benchmark datasets and digital-twin challenge environments spanning Earth

observation, ground sensing, network telemetry and security events.
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