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Why HRGLCs Matter
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Definition
Land cover maps classifiy the Earth’s surface into different land 
cover types (forests, water, urban areas, etc.) at a fine spatial 
resolution (≤ 30 m) at the global scale.

Application
• Environmental monitoring: deforestation, wetland loss, ....
• Urban planning
• Climate modeling
• Global reporting
• Telecommunication

Key Need
High resolution and frequent updates for informed, timely, 
accurate, and scalable environmental decision making.

Left: Dynamic World 10m Landcover 2019 on Satellite Image

COPERNICUS 100m Landcover 2019 on Satellite Image

Resolution ↑ Insight ↑



Scope & 
Objective
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✓ Overview of current 
status of HRGLCs
▪ Data sources

▪ Classification 
methods

▪ Validation 
approaches

▪ Challenges and 
future directions

Dataset name Provider Spatial 
resolution Temporal resolution Land cover focus

Dynamic World(DW) World Resources Institute Google 10 m Near real-time from 2015-
06-27 to present General (9 classes)

ESRI LULC ImpactObservatory,Microsoft,and Esri 10 m Annual (2017 - 2023) General (10 classes)

Forest/Non-Forest(FNF) JAXA-EORC 25 m Annual(2007 - 2010) Forest (3 classes)

FROM-GLC10
Tsinghua University

10 m 2017 General (10 classes)

30 m 2010, 2015,2017 Genera l(10 classes)FROM-GLC30

Global Forest Cover(GFC)

JRC

10 m 2020 Forest (1 class)

GHS-BUILT-S R2023A 10 m 2018 Built-Up surface proportion 
(continuous 0–100%)

GHS-BUILT-S1 2016 20 m 2016 Built-Up (2 classes)

Global 30m impervious-surface dynamic 
dataset (GISD30) CAS 30 m

Interval-encoded(per 
pixel):before 1985,1985-

1990,1990-1995,1995-
2000,2000–2005,2005–

2010,2010-2015,2015-
2020

Built-Up (1 classes)

GlobeLand30 (GL30) NGCC 30 m 2000, 2010,2019 General (10 classes)

Global Land Cover Estimation (GLanCE)v001 BU/EE/NASA ES/USGS EROS 30 m Annual (2001 - 2019) General (7 classes)

Global 30m land-cover(dynamics 
monitoring) product with a fine classification 
system (GLC-FCS30/D)

CAS 30 m
Every 5years (1985,1990, 
1995)and Annual (2000 -

2022)
General(35 classes)

Global Surface Water(GSW) JRC 30 m Annual (1984-2021) Water (3 classes)

Global Urban Footprint(GUF) DLR 12 m 2011 Built-Up (2 classes)

Global annual wetlanddataset at 30mwith a 
fine classficiationsystem (GWL-FCS30/D) CAS 30 m Annual (2000 - 2022) Wetland (8 classes)

MapBiomas SEEG and Climate Observatory 30 m Annual (1985 - 2023) General (6 classes)

Tree canopy cover Hansen/UMD/Google/USGS/NASA 30 m 2000
Tree canopy cover 

proportion (continuous 0–
100%)

World Settlement Footprint (WSF) DLR 10 m 2015,2019 Built-Up (2 classes)

WorldCover ESA 10 m 2020, 2021 General(11 classes)



Data
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Data Sources in HRGLC Products
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➢ Optical multispectral imageries, generated by passive sensors, are the primary data inputs due to its high spatial 
resolution, extensive temporal coverage and free availability.

➢ Synthetic Aperture Radar (SAR), generated by active sensors which are capable of imaging through clouds and 
darkness, provides valuable information about surface structure and moisture.

➢ Ancillary data like existing LULC datasets, DEM and so on.

Landsat-8 (Source: https://landsat.gsfc.nasa.gov/)

Sentinel-1 (Source: https://www.esa.int/)

Sentinel-2 (Source: https://www.esa.int/) HJ-1 (Source: https://www.eoportal.org/)

TanDEM-X (Source: https://tandemx-science.dlr.de/)
ALOS PSLSAR
(Source:https://asf.alaska.ed
u/sar-data/palsar)



Preprocessing 
Strategies for 
HRGLCs 
Production
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Key Objectives
✓ Ensure consistency
✓ Remove noise
✓ Enable data fusion 

if multi-source data 
is used

Reliable and 
Comparable 
Multi-source 

Datasets

Image Fusion

•AIM: Integrate data 
from multiple sources

•Spatial Mismatch: 
Resampling 
techniques

•CRS Mismatch: 
Reprojection

•Temporal Mismatch: 
Use a consistent time 
window

Cloud 
Masking

•AIM: Remove poor 
pixels

•Landsat Imagery: 
CFmask algorithm

•Sentinel-2: SCL layer 
from L2A

Radiometric 
Correction

•AIM: Normalize 
variations in sensor 
response

•Optical Imagery: 
Atmospheric 
correction, radiometric 
normalization

•SAR Data: Terrain 
correction

Appropriate preprocessing can significantly improve the performance of the classification model, thereby 
improving the overall accuracy and robustness of the final land cover product.

26/06/25



HRGLCs Mapping
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From Rule-Based Mapping to AI-Driven Classification
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➢ Rule-based Methods which define decision rules based on spectral features, typically require extensive domain 
expertise and are primarily used for binary classification.

➢ Machine Learning Methods enable the analysis of larger and more complex datasets, yielding more accurate LULC 
classification results at broader spatial scales

➢ Deep Learning Methods integrate feature extraction and classification in the learning process, eliminating the need 
for manual feature extraction design, and can also handle highly complex big data more effectively.

Rule-based Machine Learning Deep Learning

Learning Capacity
None 

(manual 
logic)

Medium 
(feature-based)

High (end-to-
end)

Feature 
Engineering Manual Manual + 

automated Fully automated

Computing 
Demand Low Medium

High 
(GPU/cloud-

based)

Interpretability High Medium Low



Deep Learning in Action: Examples from HRGLC Products
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ESRI LULC (2021)
❖ Model: UNet
❖ Input Data: Sentinel-2 imagery
❖ Classification: 10 land cover classes
❖ Labeling Approach: Dense labeling
❖ Validation: OA = 85%
❖ Deployment: Microsoft Planetary Computer and 

Microsoft Azure Batch

Demonstrates the possibility of creating a global consistent 
LULC map at 10m resolution with Sentinel-2 data and deep 
learning model.

Google’s Dynamic World (2022)
❖ Model: Fully Convolutional Neural Network (FCNN)
❖ Input Data: Sentinel-2 imagery
❖ Classification: 9  land cover classes
❖ Labeling Approach: Dense polygon-based manual 

labeling
❖ Validation: OA = 73.8%
❖ Deployment: Google Earth Engine

The first near-real-time HRGLC using DL at global scale.

U-net architecture (Source: 
http://dx.doi.org/10.1007/978-3-319-24574-4_28)

FCNN architecture (Source: 
https://doi.org/10.1109/cvpr.2015.7298965)ESRI LULC 10m 2019 on Satellite Image Dynamic World 10m 2019 on Satellite Image



HRGLCs Evaluation
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Sampling Strategies in HRGLC Mapping
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Two statistically based 
criteria to determine 
sample size
➢ Cochran’s equation 

(1977): ensure that the 
total estimated sample 
size is reliable within a 
certain confidence level 
and error margin

➢ A more refined method: 
uses the overall sample 
size while also considering 
the permissible error level 
and the proportion of the 
stratum covering the 
study area.  

Methods Description Advantages Disadvantage

Simple 
Sampling

Each population unit has an equal 
chance of being selected.

Fast and highly 
versatile

Risks of class 
imbalance

Stratified 
Sampling

A widely used technique that 
ensures each strata (LC 
class/spatial location) is 

proportionally represented

Improve the statistical 
reliability of accuracy 

assessments
--

Systematic 
Sampling

Use representative units that are 
defined at regular intervals Easy to implement

Risks of periodicity bias 
if the selected interval 

coincides with a 
pattern in the 

population

Clustered 
Sampling

Divide the population into small 
groups (clusters). It can be one-

stage cluster sampling or two-
stage cluster sampling.

Cost-effectiveness --
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Summary of data sources used for photo-interpretation. 

Data Source Resolution Advantages

Landsat 30m 
(Multispectral), 
15m 
(Panchromatic)

Long-term data record, 
time-series analysis, 
surface reflectance, 
identification of land 
cover dynamics

Google Earth 
VHR
Imagery

~0.15m to 1.5m 
(Varies 
depending on 
source)

Very hign spatial 
resolution, validation 
of other satellite data, 
reference data source

Sentinel-2 10m, 20m, 60m 
(Varies by 
band)

High spatial, spectral, 
and temporal 
resolution, surface 
reflectance, land cover 
classification

MODIS(*) 250m to 1km 
(Varies by 
product)

Time series vegetation 
indices (e.g., NDVI, EVI), 
extraction of seasonal 
vegetation information

Labeling Approaches for Reference Data

Manual Interpretation

•Performed by human 
annotators

•Based on visual 
inspection of 
optical/satellite 
imagery

• High-quality, but 
time-consuming and 
limited in scale

•Used as ground truth 
for training/testing

Automated Labeling

•Label generated by 
algorithms, such as 
unsupervised spectral 
clustering, auxiliary 
land cover products 
and spectral-
generalization 
strategy

•Reduce time for 
sample generation, 
but may require 
human verification

•Widely favored for 
training

Crowdsourced 
Data

•Public 
contributions via  
tools such as 
mobile apps and 
online 
collaborative 
platforms

•Enable large 
sample volume 
with geographic 
diversity

•Varies in 
reliability

Label quality determines model quality—well-annotated, diverse, and 
spatially distributed reference data are essential for trustworthy LC mapping.



Validation Metrics in HRGLC Assessment
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• Overall Accuracy (OA)

𝑂𝐴 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠

• Average Accuracy (AA): Average of per-class
• Producer’s Accuracy (PA)

𝑃𝐴 𝑜𝑓 𝑐𝑙𝑎𝑠𝑠 𝑐 (𝑃𝐴𝑐) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑜𝑓 𝑐

𝑆𝑢𝑚 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑤𝑖𝑡ℎ 𝑡𝑟𝑢𝑒 𝑙𝑎𝑏𝑒𝑙 𝑜𝑓 𝑐

• User’s Accuracy (UA)

𝑈𝐴 𝑜𝑓 𝑐𝑙𝑎𝑠𝑠 𝑐(𝑈𝐴𝑐) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑜𝑓 𝑐

𝑆𝑢𝑚 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑒𝑑 𝑎𝑠 𝑐

• Kappa Coefficient

𝜅 =
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝐴𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝐴𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡

1 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝐴𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡

• Variance of Kappa (Var(𝜅))
• Omission Error (Om. Err.)

𝑂𝑚. 𝐸𝑟𝑟. 𝑜𝑓 𝑐𝑙𝑎𝑠𝑠 𝑐 = 100% − 𝑃𝐴𝑐
• Commision Error (Com. Err.)

𝐶𝑜𝑚. 𝐸𝑟𝑟. 𝑜𝑓 𝑐𝑙𝑎𝑠𝑠 𝑐 = 100% − 𝑈𝐴𝑐
• F1-Score

𝐹1 − 𝑆𝑐𝑜𝑟𝑒 𝑜𝑓 𝑐𝑙𝑎𝑠𝑠 𝑐(𝐹1𝑐) =
2 × 𝑈𝐴𝑐 × 𝑃𝐴𝑐
𝑈𝐴𝑐 + 𝑃𝐴𝑐

Some statistics from reviewed studies
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Map of Land 
Cover 
Agreement
(MOLCA)
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• Created by integrating 
multiple existing high-
resolution land cover 
datasets through a 
consensus-based 
approach

• Spatial coverage: Sub-
Saharan Africa, the 
Amazon, and Siberia

• Spatial Resolution: 10 m
• 9  Land cover classes
• OA = 96%
• Usage: As a reference 

training dataset

Regions where MOLCA data are produced

Schema of the MOLCA generation procedure Illustration of extraction 
of the map of agreement

Example of MOLCA tile in the Amazon region (left), in Siberian region 
(center), and African region (right). 



Conclusion
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Current Trends and Future Directions
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• Integrating multi-sensor 
and multi-resolution 
datasets with other 
auxiliary datasets 

• Improving the spatial and 
temporal coverage of LC 
products

• Adaptive fusion strategies 
help manage 
spatial/temporal variability

Data Fusion Enhances 
Classification Robustness

• Widespread use of 
machine learning (RF, 
SVM) and increasing 
adoption of deep learning 
(CNN, UNet, Transformer)

• Future:
• Explore foundation 

models for EO (e.g., 
Vision Transformers for 
LULC)

• Combine AI with active 
learning to reduce 
labeling effort

• Build open-source AI 
pipelines

AI-Driven Methods Are 
Becoming the Norm

• Google Earth Engine, AWS, 
Microsoft Planetary 
Computer

• Support massive-scale 
map generation and 
sharing

• Need for more datasets, 
more algorithms (e.g., 
PyTorch, TF), and 
standardized workflows

Cloud Platforms Enable Global 
Scale Processing

• Lack of standardized, high-
quality, multi-temporal 
global reference datasets

• Differences in land cover 
nomenclature used in 
different products hinder 
inter-comparability

• Future: crowdsourcing, 
community-agreed 
nomenclature standards

Validation and Benchmarking 
Remain a Bottleneck



Final Takeaways
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Global high-resolution land cover mapping is entering a new era
✓ increasingly diverse data sources
✓ advanced AI-based classification methods
✓ scalable cloud-computing platforms

Despite these advances, critical challenges remain—particularly in
➢ data completeness
➢ real-time processing
➢ reliable validation

Looking forward, continued progress will depend on community-driven efforts to develop 
adaptive data fusion strategies,  explore more AI-driven methodologies, enhance cloud 
platforms capabilities, standardize validation datasets and protocols, and ensure that land 
cover products are accurate, timely, and useful for global environmental decision-making.
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