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Introduction 

Conclusions  

Salt marshes outperform all terrestrial ecosystems in their capacity for 
carbon storage and sequestration (per unit area).
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Salt marsh restoration has been identified as a natural climate solution 
with a potential for 1.5 TgC02 annual carbon mitigation in Canada.
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Challenges 

Environmental variability, including geographic diversity, tidal fluctuation, 
and seasonality ðin combination with satellite orbit cyclesð  make it                    
difficult to capture EO imagery appropriate for image classification. 

 

Area of Interest 

Uncertainty Based on Probability Density Function (PDF) 

Please scan 
the QR code to  
connect with: 

How certain are we about calculating post-classification change uncertainty? 

Letôs focus on the newest restoration site (C1) Converse Marsh, where rapid            
re-vegetation has been observed since tidal inundation was restored in 2019.

 

The production of a post-classification change raster (Figure 6) from the 
2020 and 2023 classifications shows a primary conversion of mud to low 

marsh, which is consistent with field observations!
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Methods 

Iterative testing of every possible combination of data. The 
best performing, feature optimized  model is selected to               

produce extent maps for 2020 and 2023. 
 

200+  random forest models trained on every possible iteration of input data. 
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This study will focus on the Cumberland Basin, in the upper arm of the 
Bay of Fundy, in Atlantic Canada.

 

Four salt marshes were selected for validation, each with a different                     
restoration condition: (A) natural marsh; (B) restoration from 2010; (C)                   
restoration from 2019; and (D) unintentional restoration from ~1950.

 

This region is exceptional due to a high concentration of suspended             
sediment (SSC) and extreme macrotidal conditions (12m+ range).
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Salt marshes are not comprehensively mapped in Canada, and are not 
current included in IPCC AFOLU reporting.
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Tidal variation makes it unsuitable to composite or mosaic imagery.
 

Figure 1. Feedback between elevation, tidal inundation frequency, and sediment deposition create a 
specific pattern of vegetation zonation within the marsh, according to their tolerance. Vegetation and 

rate of inundation influence the rate of potential carbon uptake.
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Figure 2. Field validation sites in the Cumberland Basin include (A) Wood Point (natural marsh); (B) 
Aulac (restoration from 2010); (C) Converse (restoration from 2019); and (D) John Lusby Wildlife                  

Area (natural restoration from ~1950).
 

  Tidal variation makes time series approaches less reliable (e.g. CCDC).
 

Poor temporal resolution, availability, and spatial continuity of                        
appropriate LiDAR data inhibit an elevation-based approach. 

 

Figure 3. Global models exhibit high variability in regional estimates, including both overestimates 
(left; 70km

2 
marsh predicted)

7
, or underestimates of salt marsh extent (right; 7km

2
 marsh predicted)
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Global salt marsh models produce highly inconsistent predictions              

(Figure 3) indicating the need for regional or national models.
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Hypothesis 

Sentinel-1 SAR 

¶ IW ModeðL1 GRD VV VH 

¶ Ascending Orbital Pass 

¶ Lee-Sigma Filtered 
 

Consistent, annual mapping is needed to produce land cover change 
maps suitable for IPCC reporting. 

 

Objective
 

Proof of concept for including salt  
marshes in AFOLU reporting

 

As coastal wetlands are highly sensitive to the effects of climate change, 
the USA includes all salt marsh extent changes in AFOLU reporting.
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The following data will improve classification: 

¶ High tide and low tide imagery
 

¶ Imagery from multiple seasons
 

¶ Optical and Synthetic Aperture Radar (SAR) imagery 
 

Data 

Sentinel-2 Optical  

¶ L2A Surface Reflectance 

¶ <25% Cloud Cover 

¶ All bands resampled to 10m 
 

PlanetScope 

¶ 8-band, ~3m resolution 

¶ Image coincident with 8/2023 
field work to produce               
an informed digitization 

 

Data to be used in Classification Digitization & Validation 

Data was filtered for tidal stage based on the difference between image                         
acquisition time and predicted tidal heights. Approx. 6 hours from high to 

low tide, resulting in 6 tidal stages of 30 minutes.   
 

 For each season, a high tide and 
low tide image were selected from 
Sentinel-1 and Sentinel-2 for both 

2020 and 2023. 

Spring April 15th ð May 15th 

Summer July 15th  ð Sept 15th 

Fall Oct 15th  ð Nov 15th 

Produce classification of 2020 and 2023, and subsequent change map!
 

Best performing model subject to iterative permutation importance              
pruning, removing the bottom 20% of variables (based on 25 run average), 
and retraining/averaging until validation accuracy within <1% of highest 
achieved. The model with the fewest features within 1 standard deviation 

the of highest accuracy is selected as our final model! 
 

Figure 4. Predicted salt 
marsh extent maps for 
2020 (left) and 2023 
(right) from the optimal 
S1S2 All Season Low 
Tide Only model.  

The best classifications consistently contained (1) data from all 3 seasons 
and (2) data from Sentinel-1 and Sentinel-2, and (3) low tide data.

 

Sentinel-1 only classifications and high tide only classification performed 
poorly. The addition of high tide data did not improve accuracies. 

 

The best classification, with respect to accuracies and the least amount of data is the 

All Seasons S1S2 Low Tide Only Model! 

Results 

Find optimal data input for salt marsh mapping:
 

¶ Produce extent maps for 2020 and 2023
 

¶ Produce change map from 2020/23 classification
 

¶ Report uncertainty values
 

 

But how are we describing uncertainty on post-classification change? 

Non-PDF Methods for Calculating Uncertainty 

Area-Based 
Quadrature 

Stratified               
Error- 
Adjusted               
Estimation From Olofsson et al. (2014) 
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IPCC Uncertainty Formula (Eq.2) is based on the PDF
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PDF is constructed through running a set of models to produce a                       

distribution. E.g. Run 25 RF models using 90% sampling with replacement 
 

IPCC uncertainty quadrature is sensitive to the direction of change and is 
suitable for calculating inter-class uncertainty. 

 

Literature on land cover change derived from post-classification 
change maps is highly inconsistent in the reporting of accuracy and 

uncertainty.
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Howeveré  PDF creation can be computationally expensive or unfeasible.
 

Particularly for deep learning, PDF requires generalization across model 
and does not consider the idiosyncrasy of the specific model used.

 

Use of the 95% confidence interval requires assumptions about the 
shape and symmetry of the data that are often untrue.

 

Uncertainty derived from a PDF provides 

insight into the reliability of the model and 

training/validation data, but does             

little to describe the uncertainty of the 

change area estimated!
 

Often used in describing uncertainty of DEMs  

(e.g. Tsoulis et al., 2009) 
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Requires validation and prediction 
change maps (often not feasible). 

Requires only predicted area and              
per-class accuracies. 

Not sensitive to direction of change. Sensitive to direction of change. 

Canôt calculate uncertainty on class 
conversions (e.g. only class 1 to class 1). 

Suitable for inter-class uncertainty                
(e.g. class 1 to class 2). 

Downstream calculations are not               
possible if a conversions exists in 1 
change map but not the other. 

This project provides proof-of-concept for mapping high 
and low salt marsh extent.  

These non-PDF methods are similarly unsuitable 

for the calculation of uncertainty from post-

classification change maps, owing to insensitivity 

to direction of change, inability to derive inter-

class conversion uncertainty, or the need to                

produce a validation change map. 

The selection of low-tide imagery, multi-sensor, and               
multi-seasonal imagery improves classification accuracy. 

No limitations related to use of a              
validation/prediction change map. 

Current methods for calculating uncertainty from post-
classification change maps may not provide meaningful              

insight into area-based predictions. 

Salt marshes are generally divided into zones based on their elevation.               
However, in this study high and low have been selected based on the       

visible characteristic of dominant vegetation type. 
 

Uncertainty methods based on a PDF may fail to describe  
uncertainty of the actual model used, while non-PDF              
methods may not be feasible for multi-class scenarios. 

Future work should prioritize the development and                    
standardization of a method for reporting the uncertainty 
and accuracy of post-classification change maps, to                  

ensure consistent carbon accounting.   

We care about marsh zones and vegetation because they have different 
capacities for carbon uptake! Newer restorations, edge expansion, and 
Spartina Alterniflora have a higher capacity for carbon uptake.
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Figure 5. 
Predictions 
for Converse 

Marsh               
showing low 
marsh re-
vegetation.  

Each marsh defined as 3km2 site; additional non-marsh site 
to ensure sampling of non-marsh classes.

 

Stratified sampling with 60m minimum distance based on 
manual  digitization of PlanetScope Imagery.

 

Training (60%) and testing (40%) split point split based on 
spatial blocking (random assignment of 0.25km

2 
cells). 

Sample  

Design
 

Low and high tide images coded as those within 90 min. of a high/low tide. 

Figure 6. Post-classification change map of Converse Marsh. Most pixels changed from mud to low marsh.  

Overview  

19.9km
2 
Total Marsh Predicted 23.5km

2 
Total Marsh Predicted 

Table 1. Class Legend & Accuracy Table 

Overall  
Accuracy 

Per Class 
Other  
Veg. 

Water 
Bare               
Ground  

Low                   
Marsh 

High  
Marsh 

Urban 

User 96% 76% 96% 50% 84% 52% 

89% Producers  94% 87% 95% 67% 79% 91% 

2020 Area Predicted 252.5km
2 58.5km2

 
47.4km2

 
3.5km2

 
16.4km2

 
2.3km2

 

2023 Area Predicted 251.4km
2 52.3km2

 
53.3km2

 
4.2km2

 
19.3km2

 
6.2km2

 

Change Predicted -1.1km2
 

-6.1km2
 
+5.9km2

 
+0.7km2

 
+2.8km2

 
+3.9km2

 

For variable importance 
& uncertainty estimates 
based on each class  
conversion, please scan 
the QR code below!            

Results confirm the ability 
to detect field-validated 
vegetation changes in 
restoration sites!  
(Figure 5.) 


