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SUMMARY  

 

Land degradation and climate variability constrain carbon sequestration in African drylands, 

yet national-scale, spatially explicit evidence to guide Land Degradation Neutrality (LDN) and 

climate reporting remains limited. This study applies a GeoAI-enabled monitoring framework 

to quantify carbon sequestration dynamics and attribute degradation drivers across Namibia 

from 2000 to 2024. Implemented entirely in Google Earth Engine, the workflow integrates 

MODIS annual net primary productivity (MOD17A3HGF, 500 m), MODIS vegetation indices 

(MOD13A1, NDVI composites) and CHIRPS precipitation (v2.0; ~5 km).  

 

Temporal trends are quantified using pixel-wise linear regression, and carbon density is 

estimated via a simplified residence-time conversion of Net Primary Productivity (NPP). Land 

Productivity Dynamics (LPD) is operationalised through trajectory, state and performance 

components, with a complementary rule-based attribution separating climate-driven 

productivity decline (co-occurring rainfall decline) from anthropogenic signals (declining 

vegetation under stable/improving rainfall). Results reveal pronounced north–south gradients 

in carbon density consistent with rainfall controls: national mean carbon density is 2.1 ± 1.5 kg 

C/m², with northern, central and southern regions averaging 5.2, 3.6 and 1.2 kg C/m², 

respectively and peak stocks (5–7 kg C/m²) concentrated in the northeastern corridor. Positive 

carbon trends dominate ~81% of the country, but drought intensification (notably 2015, 2019 

and 2023) exposes threshold vulnerability, particularly in Central Namibia.  

 

Attribution mapping indicates 670,232 km² (81.3%) as stable or recovering, while climate-

driven degradation affects 69,270 km² (8.4%) and anthropogenic degradation 84,419 km² 

(10.3%), with distinct spatial clustering that supports targeted intervention. The framework 

demonstrates a transparent, scalable approach for operational dryland carbon monitoring and 

restoration prioritisation, directly supporting Namibia’s UNCCD LDN implementation and 

Paris Agreement mitigation planning. 
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1. INTRODUCTION 

According to Olsson et al. (2019), land degradation represents one of the most critical 

environmental challenges of the 21st century, affecting approximately 3.2 billion people 

globally and threatening the sustainability of ecosystem services essential for human well-

being. Drylands, comprising arid, semi-arid, and dry sub-humid regions that cover 47% of the 

Earth's land surface, are disproportionately vulnerable to degradation processes driven by 

climate variability, unsustainable land management practices, and socioeconomic pressures 

(Yan et al., 2024). In sub-Saharan Africa, where drylands constitute over 43% of the land area 

and support more than 325 million people, land degradation undermines food security, 

intensifies poverty and accelerates rural-urban migration (Global Center on Adaptation, 2021, 

p. 312). The carbon sequestration potential of dryland ecosystems, while historically 

underappreciated compared to tropical forests, has emerged as critical for climate change 

mitigation (Siyum, 2020). Despite moisture constraints, drylands store approximately 30% of 

the global soil organic carbon pool (Hanan et al., 2021). Understanding the spatial and temporal 

dynamics of carbon sequestration across dryland terrain is, therefore, essential for achieving 

both the Paris Agreement's climate stabilisation goals and the United Nations Convention to 

Combat Desertification's (UNCCD) Land Degradation Neutrality (LDN) targets (Sahara and 

Sahel Observatory, 2024). 

Accurate, spatially explicit monitoring of land degradation and carbon dynamics across 

extensive drylands remains methodologically difficult. National-scale field surveys are 

prohibitively costly, and the strong natural variability in dryland productivity driven by 

stochastic rainfall makes it hard to separate climate-driven fluctuations from human-induced 

degradation (Hallman & Robinson, 2024; Wu et al., 2024). However, open-access Earth 

Observation datasets such as MODIS and CHIRPS, together with cloud platforms such as 

Google Earth Engine, have removed many computational barriers that once limited large-scale 

analysis in developing-country contexts (Gorelick et al., 2017). Within this scope, the UNCCD 

Land Productivity Dynamics (LPD) framework strengthens operational monitoring by 

combining trajectory, state and performance dimensions of change (Sims et al., 2021). Its 

performance indicator, using residual trend analysis to compare observed productivity with 

climate-predicted expectations, helps isolate management effects from climate variability, 

improving degradation attribution (Mechiche-Alami & Abdi, 2020). 

The integration of artificial intelligence and machine learning techniques with Earth 

Observation data has catalysed a new generation of environmental monitoring capabilities, 

Assessing Carbon Sequestration and Land Productivity Dynamics in Namibia Using Multi-Sensor EO Data and a

GeoAI Framework (14045)

Ryan Theodore Benade and Oluibukun Gbenga Ajayi (Namibia)

FIG Congress 2026

The Future We Want - The SDGs and Beyond

Cape Town, South Africa, 24–29 May 2026



 

termed "GeoAI" for its fusion of geospatial analytics with computational intelligence (Esri, 

n.d.). Machine learning algorithms enable automated differentiation of degradation types, 

integration of multi-source data streams and spatially adaptive regression models that provide 

more accurate climate normalisation than global linear relationships (Osman et al., 2025). 

However, the application of GeoAI approaches to carbon monitoring in drylands remains 

relatively promising, as noted by Shen et al. (2023), compared to tropical forest applications, 

with most dryland carbon assessments employing static allometric equations inadequate for 

capturing fine-scale spatial heterogeneity and rapid temporal dynamics characteristic of semi-

arid ecosystems. 

In Namibia, these methodological gaps intersect with urgent policy and reporting needs. Under 

the UNCCD, the country set voluntary Land Degradation Neutrality (LDN) targets in 2018, 

aiming for neutral or positive change in land-based natural capital by 2030, including restoring 

15% of degraded land and enhancing carbon stocks in drylands (MEFT, 2018). Under the Paris 

Agreement, Namibia’s NDC includes conditional land-use mitigation pledges, with terrestrial 

carbon sequestration identified as a cost-effective route to national emission reductions (MEFT, 

2021). Delivering these goals requires spatially explicit baselines of carbon stocks, 

identification of high-potential restoration areas and monitoring systems that can verify 

sequestration outcomes for climate finance. Yet, robust evidence on conservancy impacts on 

productivity and carbon dynamics remains limited, weakening policy guidance on where to 

invest to scale restoration beyond existing conservancies. 

This study addresses knowledge gaps through development and implementation of an 

integrated GeoAI-driven monitoring framework that fuses multi-sensor Earth Observation data 

(MODIS NPP, CHIRPS rainfall and MODIS NDVI) with machine learning-based degradation 

attribution and spatially adaptive regression for climate normalisation. The objectives are to 

quantify spatial patterns and temporal trends in carbon density across Namibia's climatic and 

land use gradients from 2000 to 2024, to assess Land Productivity Dynamics through integrated 

trajectory, state and performance indicators, as well as to differentiate climate-driven 

degradation from anthropogenic impacts through residual analysis, enabling targeted attribution 

to specific drivers. This supports the evaluation of regional variations in carbon sequestration 

trajectories across Northern, Central and Southern Namibia's divergent rainfall regimes. The 

analytical workflow, implemented entirely within Google Earth Engine's cloud computing 

environment, demonstrates its scalability for resource-constrained national environmental 

agencies requiring operational monitoring capabilities without substantial computational 

infrastructure investments. 

2. METHODOLOGY 

2.1 Study area and data integration 

Covering an area of about 824,292 km², Namibia has significant climatic gradients caused by 

cold Benguela Current upwelling, subtropical high-pressure systems and continental interior 

heating (Geodatos, 2025; Ruppel-Schlichting, 2022, p. 65). The hyperarid Namib Desert has a 

mean annual rainfall of < 50 mm, while the northeastern Kavango-Zambezi region has a mean 

annual rainfall of > 600 mm (World Bank Group, 2021). Interannual variability is extremely 
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high, with coefficients of variation surpassing 40–80% (FAO, n.d.). The study area (Figure 1) 

was divided into three climate zones, northern Namibia (north of 20°S, 400-600 mm rainfall), 

central Namibia (21°S-24°S, 200-400 mm rainfall) and southern Namibia (south of 23°S, < 200 

mm rainfall) (Atlas of Namibia Team, 2022).  

Using the methodology presented in Figure 2, Google Earth Engine (Gorelick et al., 2017) was 

employed for all data collection and processing over the study period (January 1, 2000 – 

December 31, 2024), which spanned 25 years of continuous monitoring. MODIS 

MOD17A3HGF Version 6 (Running & Zhao, 2019) at 500m resolution (2000-2021, 22 

observations) was used to calculate annual NPP estimations. Annual totals (2000-2024, 25 

observations) were calculated by aggregating daily precipitation estimates at ~5km resolution 

from CHIRPS Version 2.0 (Funk et al., 2015). The 16-day NDVI composite at 500m resolution 

were obtained by MODIS MOD13A1 Version 6.1 (Didan, 2015), with annual median 

composites calculated to lower atmospheric contamination. In large-scale rangeland systems, 

the 500m resolution demonstrated computing efficiency while preserving enough spatial detail 

for terrain-scale pattern detection.  

 

Figure 1. Study area (Namibia) and regional climate zones used for analysis (Northern, Central, 

Southern) 

2.2 Temporal trend analysis and carbon estimation 

Pixel-wise ordinary least squares regression was used in linear regression to quantify directional 

trends between time (since 2000) and the variable of interest. The slope (rate of change each 

year) and intercept bands were returned by the ee.Reducer.linearFit() function. Simplified 

allometric conversion was used to estimate carbon density as presented in equation (1):  

Carbon Density (kg C/m²) = NPP (kg C/m²/year) × 10 years  (1) 
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While this approach simplifies vegetation type heterogeneity, it provides spatially consistent 

and temporally complete coverage, which is appropriate for restoration prioritisation and broad-

scale monitoring (dos Santos et al., 2025). 
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Figure 2. GeoAI framework implemented in Google Earth Engine (2000–2024): inputs, 

processing steps and outputs 

2.3 Land productivity dynamics framework 

The LPD methodology (Shen et al., 2023) was implemented through three complementary 

indicators: 

i. Trajectory indicator: Quantified long-term NDVI trend direction using regression 

slopes increasing productivity (slope > +0.001 units/year), stable (± 0.001), 

declining (< -0.001), representing ±2.5% change over 25 years. 

ii. State indicator: Compared recent (2020-2024) versus baseline (2000-2005) mean 

NDVI: improved (difference > +0.10 units), stable (± 0.10) or degraded (< -0.10), 

representing substantial change (25 - 66% of typical Namibian NDVI range). 

iii. Performance indicator: Employed residual analysis isolating human management 

effects from climate variability (Equation 2): 

Performance Residual = NDVI Trend Slope - (Rainfall Trend Slope × 0.0001) (2) 

Pixels were classified as better-than-expected (residual > +0.002), as-expected (±0.002) or 

worse-than-expected (< -0.002), with positive residuals indicating beneficial management and 

negative residuals suggesting degradation beyond climate drivers. 

Combined classification: The three indicators were integrated as (Equation 3):  

LPD Class = (Trajectory × 100) + (State × 10) + Performance  (3) 

Producing values from -111 (declining, degraded, worse-than-expected) to +111 (increasing, 

improved, better-than-expected). 

2.4 Degradation attribution 

A rule-based classification differentiated climate-driven degradation from anthropogenic 

impacts, where Climate-driven is indicated by a declining NDVI unit (slope < -0.001) and a 

declining rainfall unit (slope < -5 mm/year). Anthropogenic degradation is indicated by a 

declining NDVI but stable or improving rainfall (slope ≥ -5 mm/year), while stable/recovery is 

hinted at when there is stabilisation or an increasing NDVI (slope ≥ -0.001). In comparison to 

rule-based methods, Random Forest classifiers are often linked to higher model complexity and 

longer processing times, but frequently achieving superior predictive accuracy (Berhane et al., 

2018). Due to computer memory constraints and the requirement for transparent decision logic 

independent of training data, a rule-based classification, which is ideal for attribution analysis 

of land productivity dynamics, was chosen. Spatial concordance with LPD performance 

characteristics was used to validate the classification outcomes. 

2.5 Regional analysis and computational implementation 

Zonal statistics were used in quantitative regional comparisons to calculate the mean and 

standard deviation for the Northern, Central and Southern regions. Area statistics produced 

extent estimates in km² by multiplying categorised images by pixel area and adding up the 
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results countrywide. Using regional time series charts that extracted mean values over a 25-year 

period, temporal dynamics were visualised. There were no local processing limitations as the 

full analytical workflow was carried out on Google Earth Engine's cloud environment. Pre-

processed MODIS products, annual aggregation, boundary filtering and optimised reducers all 

contributed to computational efficiency. For integration into the country's spatial infrastructure, 

the final deliverables were exported at a resolution of 500 meters. 

3. RESULTS 

3.1 Carbon density patterns and spatial heterogeneity 

The GeoAI framework successfully processed 22 annual MODIS NPP images (2000-2021), 25 

annual MODIS vegetation index composites (2000-2024) and 25 annual CHIRPS rainfall 

datasets (2000-2024) across Namibia's 824,292 km² (FAO, n.d.), bounding three climatic 

regions, northern Namibia (mean annual rainfall 491 mm), central Namibia (340 mm) and 

southern Namibia (113 mm).  

Mean carbon density presents strong spatial heterogeneity aligned with climatic gradients 

(Figure 3). The northeastern corridor displayed the highest carbon accumulation with 5-7 kg 

C/m², while south-western hyperarid zones show minimal stocks below 1 kg C/m². National 

carbon density averaged 2.1 kg C/m² (±1.5 kg C/m² SD), with regional values following the 

rainfall gradient such as northern Namibia with 5.2 kg C/m², Central Namibia with 3.6 kg C/m² 

and southern Namibia with 1.2 kg C/m². Showing a four-fold difference, underscoring moisture 

availability's dominant control on ecosystem productivity across Namibia's semi-arid to arid 

terrain. 

3.2 Temporal trends and regional dynamics 

The 25-year temporal analysis revealed predominantly positive carbon sequestration trends 

across approximately 81% of Namibia's territory (Figure 4), with accumulation rates between 

0.05 and 0.34 kg C/m²/yr. The strongest positive trends were concentrated in the northeastern 

corridor and north-central regions (>0.2 kg C/m²/yr), while the southwestern arid regions 

showed near-zero or slightly negative trends. 

Net Primary Productivity trends revealed distinct regional dynamics (Figure 5). With northern 

Namibia indicating high interannual variability, ranging from 0.101 kg C/m²/yr (2002 drought) 

to 0.564 kg C/m²/yr (2021), demonstrating strong recovery capacity (165% rebound from 2019 

drought to 2021 peak). Central Namibia fluctuated between 0.111 kg C/m²/yr (2015 drought) 

and 0.436 kg C/m²/yr (2021 recovery), achieving a 199% recovery rate between 2019-2021. 

Southern Namibia maintained consistently low productivity (0.066-0.159 kg C/m²/yr, mean 

~0.11 kg C/m²/yr). All three regions achieved their highest or near-highest NPP values in 2021, 

indicating synchronised ecosystem recovery despite increasing climate stress. 

NDVI trends corroborated NPP patterns (Figure 6), displaying widespread positive greening 

with darker concentrations in northern/northeastern regions (+0.010 to +0.014 units/yr). 

northern Namibia maintained high vegetation greenness (0.311-0.428), though 2024 values 

declined to 0.338 reflecting recent drought impacts. Central Namibia presented greater 

vulnerability, declining from 0.259 (2000) to 0.239 (2024), including a severe 2019 drop to 
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0.229. Southern Namibia remained stable within a narrow 0.134-0.178 range throughout 25 

years, indicating adaptation to chronic aridity. 

 

 

 

Figure 5. Annual mean NPP by region (Northern, Central, Southern Namibia) 

Figure 3. Spatial distribution of mean carbon 

density (kg C/m²) across Namibia  

Figure 4. Spatial distribution of carbon trend 

(kg C/m2 year) across Namibia 

Assessing Carbon Sequestration and Land Productivity Dynamics in Namibia Using Multi-Sensor EO Data and a

GeoAI Framework (14045)

Ryan Theodore Benade and Oluibukun Gbenga Ajayi (Namibia)

FIG Congress 2026

The Future We Want - The SDGs and Beyond

Cape Town, South Africa, 24–29 May 2026



 

 

Figure 6. Annual mean NDVI by region (Northern, Central, Southern Namibia), 2000–2024 

3.3 Rainfall variability and drought intensification 

The rainfall analysis revealed pronounced interannual variability and an intensification of 

drought frequency (Figure 7). Northern Namibia's mean rainfall (491 mm) ranged from 241 

mm (2019 catastrophic drought) to 798 mm (2011 exceptional year), 3.3-fold variability. 

Central Namibia averaged 340 mm, spanning 160 mm (2023) to 599 mm (2006), highest 

relative variability (3.8-fold range). Southern Namibia's chronically low rainfall averaged 113 

mm/yr, fluctuating between 50 mm (2023) and 192 mm (2011). 

Five major drought events were documented: 2002 (moderate), 2007 (severe in South), 2015 

(major tri-regional, Northern 307 mm, Central 203 mm, Southern 84 mm), 2019 (catastrophic 

as the worst on record) and 2023 being extreme, (Central 159 mm and Southern 50 mm setting 

new records). Post-2015 period demonstrated accelerating drought frequency such as in 2015, 

2019, 2023 compared to sporadic pre-2015 droughts. The 2023-2024 crisis particularly 

impacted Central Namibia, where in 2023 rainfall represented only 47% of long-term mean, 

resulting in severe NDVI decline to 0.239 by 2024. 

 

Figure 7. Annual rainfall totals by region (Northern, Central, Southern Namibia), 2000–2024 
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3.4 Land productivity dynamics and degradation attribution  

The LPD framework revealed complex patterns of ecosystem change (Figures 8-11). Trajectory 

analysis demonstrated a clear east-west divide where eastern half expressed predominantly 

increasing productivity, while western regions displayed stable trajectories and scattered 

declining patches in central/north-central areas.  

The performance component showed extensive areas in eastern Namibia and northeastern 

corridor displaying better-than-expected performance where the productivity is exceeding 

rainfall-predicted levels, spatially concordant with community-based conservancies. 

Conversely, north-western and north-central patches presented worse-than-expected 

performance, indicating anthropogenic stress factors. Degradation attribution differentiated the 

driver types. Showing that stable or recovering terrain dominated national extent (670,232 km², 

81.3%). Climate-driven degradation covered 69,270 km² (8.4%), revealing pronounced 

concentration in a north-central degradation corridor, unexpected given moderate baseline 

rainfall, suggesting heightened vulnerability to recent drought intensification. Anthropogenic 

degradation enclosed about 84,419 km² (10.3%) of the area, displaying fragmented spatial 

patterns with concentrated clusters in northwestern communal lands and dispersed patches in 

southern regions. Spatial overlay with LPD performance confirmed strong concordance, 

validating the dual-method attribution approach. 

 

 

Figure 8. Land Productivity Dynamics (LPD) 

trajectory across Namibia 

Figure 9. Land Productivity Dynamics 

(LPD) state across Namibia, comparing 

recent and baseline conditions 
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Figure 12. Degradation attribution map for Namibia (2000–2024), distinguishing 

anthropogenic, climate-driven, stable and recovery classes 

3.5 Regional carbon trajectories and divergence 

Northern Namibia demonstrated the strongest positive dynamics with a mean of 5.2 kg C/m² 

and NPP rebounding to its 2021 peak (0.564 kg C/m²/yr) despite a 37% rainfall decline during 

2020-2024 versus 2000-2019 baseline. The northeastern corridor emerged as a restoration 

hotspot, with carbon trends of 5-7 kg C/m² and +0.2 to +0.34 kg C/m²/yr, indicating sustained 

recovery consistent with community-based conservation initiatives. Central Namibia indicated 

Figure 10. Land Productivity Dynamics 

(LPD) performance across Namibia, showing 

deviations from rainfall-predicted 

productivity 

Figure 11. Combined Land Productivity 

Dynamics (LPD) classification across 

Namibia (2000–2024), integrating trajectory, 

state and performance indicators 
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moderate but vulnerable dynamics with a mean of 3.6 kg C/m². Despite a strong 2021 recovery 

of about 0.436 kg C/m²/yr NPP and a 199% increase from 2019, the subsequent climate stress 

severely impacted productivity, with NDVI declining from 0.307 in 2021 to 0.239 in 2024 

following the catastrophic 2023 drought. Southern Namibia maintained stable but persistently 

low dynamics with a mean of 1.2 kg C/m², NPP 0.066-0.159 kg C/m²/yr, reflecting adaptation 

to chronic aridity and climate-limited equilibrium. Regional productivity ratios of 

Northern:Central:Southern NPP shifted from 2.3:1.9:1 in 2000 to 3.6:2.8:1 2021, respectively, 

indicating increasing divergence in ecosystem performance with critical implications for spatial 

targeting of restoration investments.  

4. DISCUSSION 

4.1 Carbon terrain dynamics and management drivers 

The four-fold carbon density gradient across Namibia reflects fundamental climatic controls on 

dryland productivity. However, localised moderate-carbon clusters in central-southern 

transition zones, appearing as discrete patches rather than continuous gradients, suggest 

anthropogenic modification. The spatial concordance between conservancy distributions and 

the northeastern restoration hotspot (5-7 kg C/m²) indicates that transferred resource 

governance has generated measurable carbon sequestration co-benefits alongside biodiversity 

conservation outcomes. On the other hand, studies like Tariq et al. (2024) have shown that 

minimal carbon stocks such as <1 kg C/m²) reflect the structural limitations of ancient hyperarid 

terrain, which supports primarily ephemeral vegetation with negligible sequestration potential. 

This suggests that land degradation neutrality targets should prioritise maintenance rather than 

ambitious enhancement goals, which are inappropriate for naturally hyperarid systems. 

4.2 Resilience versus threshold vulnerability 

The widespread positive carbon trends across 81% of Namibia represent a counter-intuitive 

finding given increasing drought frequency. This contradiction is a result of drought-recovery 

cycles (record-high NPP in 2021 after the devastating 2019 drought), the expansion of CBNRM 

from 4 conservancies in 1998 to 86 spanning 166,000 km² in 2020 and possible effects of CO₂ 

fertilisation (MEFT & NACSO, 2023). However, the 2023-2024 downturn signals concerning 

vulnerability. The 2023 drought showed a slower rebound than the rapid 2020-2021 recovery, 

with NDVI declining from 0.307 to 0.239 in Central Namibia (Iilonga and Ajayi, 2025). Post-

2015 major droughts (2015, 2019, 2023), compared to more sporadic earlier events, align with 

CMIP6 projections, as shown by Almazroui et al. (2020). If drought return intervals continue 

shortening, recovery periods may prove insufficient for full biomass restoration, potentially 

driving systems toward alternative stable states with reduced woody cover and diminished 

carbon storage. 

4.3 Attribution and policy implications 

Human management signals were separated from climate variability by the LPD framework 

(European Commission, Joint Research Centre [JRC], 2019). North-eastern conservancy zones 

exhibited a cluster of overperformance compared to climate projections, indicating that 

decentralised governance facilitated vegetation regeneration above climate baselines and 

incorporated a mitigation component into the CBNRM assessment. Consistent with 
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anthropogenic pressure associated with tenure instability, high livestock concentrations and 

restricted livelihood options, underperformance was concentrated in communal areas in the 

northwest (Heita et al., 2023). Despite moderate rainfall (300–450 mm/yr), climate-driven 

degradation was surprisingly concentrated in the north-central corridor (69,270 km²), 

highlighting vulnerability in transitional semi-arid systems near tree–grass thresholds; the 2023 

drought (rainfall 47% of the long-term mean) may have forced some areas into persistently 

degraded states that need restoration. 

Namibia's UNFCCC reporting and UNCCD LDN implementation are informed by these carbon 

dynamics. Estimates are limited because NPP represents gross primary productivity (not 

including heterotrophic respiration, herbivory and fire), the assumed 10-year residence time 

may bias herbaceous versus woody accumulation and 2023–2024 downturns indicate 

vulnerability under projected drying, despite positive trends suggesting terrestrial ecosystems 

currently act as a net carbon sink (Nzuma, 2025). 

Degradation attribution maps that are spatially explicit offer useful information for tailored 

policy solutions. While anthropogenic degradation hotspots require interventions addressing 

governance and livelihood causes, climate-driven degradation zones necessitate investments in 

drought resilience (Geneva Environment Network, 2025). Differentiated targets are also 

necessary to achieve land degradation neutrality: The climate-limited baseline in southern 

Namibia (113 mm/yr, well below the 250 mm sustainability threshold) suggests concentrating 

on preventing additional degradation; the vulnerability of the central region supports giving 

priority to drought resilience and threshold prevention; and the northern regions offer the 

greatest potential for net positive outcomes through expanded restoration interventions 

(UNCCD, n.d.) 

4.4 Regional equity and climate adaptation imperatives 

The diverging regional carbon dynamics, with Northern Namibia strengthening its productivity 

advantage from 2.3:1 (2000) to 3.6:1 (2021) over southern regions, raise concerns about spatial 

inequality in ecosystem service provision. Northern regions demonstrate greater responsiveness 

to management and faster drought recovery, creating positive feedback that risks concentrating 

restoration resources in already productive terrain while neglecting southern regions where 

communities face greater livelihood vulnerability. The increasing frequency of droughts aligns 

with CMIP6 projections of intensified hydrological extremes (Almazroui et al., 2020). If 

projections materialise with 10-20% rainfall decline by mid-century, doubled drought 

frequency, Namibia's ecosystems face shorter recovery intervals, potentially overwhelming 

resilience mechanisms. Central Namibia's heightened vulnerability underscores the non-linear 

nature of climate impacts in semi-arid systems near critical transition thresholds. Recommended 

proactive adaptation measures surround the promotion of drought-tolerant species, ex situ seed 

banking and assisted migration to introduce ecotypes better suited to future climatic conditions 

(Franco-Navarro et al., 2025). 
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4.5 Methodological contributions and transferability 

The GeoAI framework shows how cloud computing and open-source Earth Observation data 

may revolutionise operational monitoring in situations with limited data (Ghamisi et al., 2025; 

Vitale, 2025). While Google Earth Engine implementation enables processing 25 years of 

multi-sensor data spanning 824,292 km² without local computational equipment, the exclusive 

use of publicly accessible datasets such as MODIS NPP, CHIRPS rainfall removes acquisition 

cost limitations (Gorelick et al., 2017). However, the detection of fine-scale degradation 

processes is limited by the 500m-1km MODIS resolution, indicating that hybrid techniques that 

combine focused high-resolution assessment with coarse-resolution trend analysis may provide 

the best resource allocation (Ituen, 2024). Establishing permanent monitoring plots stratified 

among vegetation types, rainfall zones and land-tenure regimes constitutes a priority for 

operationalising the system with validation against ground-based measurements also being 

crucial. In a related study, Bonannella (2024) emphasises the importance of robust field 

validation. Given that the methodological approach does not require site-specific 

parameterisation or commercial datasets, the framework's transferability to other African 

drylands is a significant advantage. This enables comparative degradation pattern analysis and 

the identification of transboundary processes that align with the UNCCD's Global Land 

Outlook emphasis on consistent, repeatable methodologies (Dronin, 2023). 

5. CONCLUSION 

This study showed how GeoAI-driven analytics can effectively monitor land degradation and 

carbon sequestration dynamics throughout Namibia's diverse semi-arid regions (Shen et al., 

2023). Climate-driven degradation corridors were distinguished from anthropogenic stress 

zones and human-managed recovery areas through the integration of multi-sensor Earth 

Observation data with machine learning-based attribution frameworks (Esri, n.d.). This 

provided actionable intelligence for spatially targeted restoration investments. The results 

showed that 81% of Namibia has steady or recovering productivity and that community-based 

natural resource management has real carbon sequestration co-benefits due to concentrated 

restoration success in northeastern conservancy zones. However, the discovery of 

anthropogenic impacts throughout 84,419 km² of northwestern community lands and climate-

driven deterioration affecting 69,270 km² in north-central regions highlights ongoing 

vulnerability necessitating distinct policy responses. 

Despite generally good 25-year carbon trends, the increasing frequency of droughts recorded 

through 2023–2024, especially the disastrous effects on Central Namibia where rainfall hit 25-

year lows, indicates serious susceptibility. The need for context-appropriate land degradation 

neutrality targets that accept biophysical realities rather than imposing uniform enhancement 

goals across climatic gradients is highlighted by the divergent regional trajectories, with 

northern zones strengthening productivity advantages while southern semi-arid systems remain 

extremely limited (Sahara and Sahel Observatory, 2024). In the face of escalating climate 

change, the framework's sole reliance on open-source data and cloud computing platforms 

shows scalability potential across African drylands, advancing data-driven approaches to 

carbon assessment and climate-resilient land governance crucial for fulfilling SDG 13 (Climate 

action) and SDG 15 commitments (Life on land) (United Nations, n.d.) 
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