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Introduction

Background and Objectives



Research Background

 Carbon dioxide (CO,), one of the Greenhouse Gases (GHG) emitted both
by human activities and natural processes, is the primary driver of climate

change (Solomon et al., 2009).

* Wetland soil can hold up to or even more than 40% of carbon (Lal et al.,

1995).

* Wetlands play a critical role in controlling the global carbon cycle and
quantifying their carbon budgets, including storage, uptake, and emissions
(Luetal., 2017).

* Dry wetlands release more CO, but less CH,. In contrast, wet wetlands

release less CO, but more CH, (Waddington and Price, 2000).
« If air temperature increases, then water depth decreases.

* CO, emissions increased in a linear relationship as the water level

decreased.
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Comparison of soil CO2 flux processes under the
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(Sardar et al., 2018).
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Figure 1. In intact coastal wetlands (from left to right: mangroves, tidal
marshes, and seagrasses), carbon is taken up via photosynthesis (purple
arrows) where it gets sequestered long term into woody biomass and soil
(red dashed arrows) or respired (black arrows).

Source: (Howard et a

1. 2017).



Why do we need to quantify and measure CO, in wetlands? How to measure CO2?

Net Ecosystem CO, Exchange ( = Reco — GPP

NEE indicates the net exchange of CO,

+ NEE = releases CO,,
- NEE = absorbs CO,
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Source: https://bwsr.state.mn.us/carbon-sequestration-wetlands . . . .
Mechanisms by which carbon moves into and out of wetlands. Source: modified from Howard et al. 2014



Research Gap

* Ground-based CO, monitoring techniques, are among the most reliable and accurate
methods. However, it has limitations in terms of spatial coverage and can be both
time-consuming and costly.

* Not all areas within the wetlands are accessible anytime due to many logistical
challenges.

¢ Operating and maintaining the ground—based techniques over the long term requires
allocated budgets and specialized human resources.

* In situ measurements tend to have noticeable gaps in their records, which lack
continuous records of measurements.

. Apglications in_upscaling CO, fluxes using multiple sources, like spaceborne and
airborne, combined with an OBIA approach and machine learning algorithms for
wetlands remain limited.

 Lack of comprehensive studies that examine the seasonal variations of CO, fluxes in -~
the Everglades using such an integrated approach, considering the newly airborne data ' .
of C02 EC tower




Main Objective

* Synthesize multi-source data to develop an innovative model to characterize carbon dioxide fluxes throughout
multiple seasons from 2022 to 2023 in the Big Cypress National Preserve (BCNP) and Everglades National Park (ENP)
in the Florida Everglades.

Sub Objective

1) Develop an object-based machine learning ML framework to estimate CO, fluxes by linking tower and airborne flux measurements with satellite
observations.

2) Evaluate the effectiveness of the new airborne CO, dataset from NASA’s BlueFlux mission across different ecosystems in terms of EC tower
measurements in the Everglades.

3) Explore the value of environmental variables (e.g., air temperature, water table depth, and land use) for CO, fluxes upscaling.
4) Identify the effectiveness of different satellite products (Landsat 8, Harmonized Landsat Sentinel-2 (HLS)) for flux upscaling.
5) Assess the performance of the different ML algorithms and ensemble analysis for estimating CO, fluxes.

6) Generate maps of CO, fluxes across ENP and BCNP to identify hot spots of flux exchanges and document the seasonal and interannual flux
variations.




STUDY AREA

AND

DATA



Study Area

81°26'43"W 80°56'42"W 80°26'41"W

* Big Cypress National Preserve (BCNP): Area: ~2960 km?
* Everglades National Park (ENP): ~6000 km?

* Climate: Subtropical with distinct wet and dry seasons; hot, humid
summers and mild winters.

* Ecosystem Types: Includes sawgrass marshes, cypress swamps,
sloughs, and mangroves.

 Temperature: Northern region stays above 27°C (April-October),
southern region (March—-November).

* Rainfall: 70% occurs from mid-May to November, with hurricanes and
droughts impacting water levels.

@ EC Towers BlueFlux Flight Lines:
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E lades National Park October 2022
verglades National Par Pebruary 2023
L1 Big Cypress National Preserve April 2023

The study areas (ENP and BCNP).



Datasets

R/
L X4

AmeriFlux Eddy Covariance (EC tower)

Airborne BlueFlux Data

Landsat 8 imagery (Bands 2, 3,4, 5, 6, 7)

Harmonized Sentinel-2 MSI Imagery

(Bands 2, 3,4, 8, 11, 12)

¢ Land Use Land Cover (LULC) Dataset
(SFWMD Geospatial Open Data portal,
can be accessed at (https://geo-
sfwmd.hub.arcgis.com).

¢ Water Level Data. (EDEN)

% Air Temperature Data. (Landsat thermal
band 10)

% LiDAR data, Digital Elevation Model

(DEM), was downloaded from USGS

Lidar Explorer Map

https://apps.nationalmap.gov
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Flight Period

April 19 - April 26, 2022

October 14 - October 20, 2022

February 5 - February 13, 2023

April 13 - April 19, 2023

Table 4: The four flight campaigns by BlueFlux.
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The study area, with the datasets.

The land use land cover of the Everglades National Park and Big
Cypress National Preserve.
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https://apps.nationalmap.gov/

NDVI Variations Across Seasons
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The Landsat 8 NDVI variations for the study area across the three different

time periods.

A) NDVI for the period December 2021-April 2022, B) NDVI for the
period May 2022-November 2022, C) NDVI for the period December 2022-

April 2023, and D) a false-color composite.

The NDVI variations of the Harmonized Sentinel-2 MSI for the study area
across the three different time periods.

A) NDVI for the period December 2021-April 2022, B) NDVI for the period
May 2022-November 2022, C) NDVI for the period December 2022-April
2023, and D) a false-color composite.



Methodology



Framework for Upscaling CO, Estimations

Image Segmentation

Data Matching

Machine Learning Modeling for Upscaling CO, Estimations

Accuracy Assessment

CO, Mapping Products Generation




Machine Learning
Technique

Random Forest (RF)

Library and package in R

library (randomForest);
package: randomForest

Machine Learning Modeling - Algorithms

References

(Breiman, 2001)

Support Vector Machine
(SVM)

library (kernlab);
package: svm

(Karatzoglou et al.,
2004)

k-Nearest Neighbor (k-
NN)

library (class); package:
knn

(Venables and Ripley,
2013)

Multiple Linear
Regression (MLR)

Library (stats); package:
lm

(Draper and Smith,
1998)

Extreme Gradient
Boosting (XGB)

library (xgboost);
package: xgboost

library (xgboost);
package: xgboost

Weighted Ensemble
Analysis

library(caretEnsemble);
package: caretEnsemble

(Deane-Mayer and
Knowles, 2019)

Meta-Ensemble
Analysis

library(SuperlLearner);
package: SuperLearner

(van der Laan et al.,
2007)

STD B11 STD B12

Table 5 The machine learning techniques with their respective libraries and packages in R.
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Source: https://hyperskill.org/learn/step/15391



Environmental BlueFlux CO2 LIDAR Satellite Images
Variables
h 4 4 h h
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Sentinel-2 MSI
]
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The flowchart illustrates the methodology for
upscaling CO, fluxes from both the AmeriFlux EC
towers and the BlueFlux airborne measurements
using Landsat 8 and Harmonized Sentinel-2 MSI

imagery and machine learning models.



Results and Discussion



Estimates using BlueFlux Measurements

and Landsat 8 Imagery



CO, Flux Estimation (Landsat 8: December 2021-April 2022)
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Estimated mean CO2 flux (g/m2/day) in BCNP and ENP from December 2021 to April 2022 using A) RF, B) SVM, C) KNN, D) MLR,
E) XGB, F) Weighted Ensemble Analysis, G) Meta-Ensemble, and H) STDE by the BlueFlux data and Landsat 8 imagery.

Scatterplot of estimated and measured CO2 flux (g/m2/day) and corresponding
regression line for the season December 2021 to April 2022 by the BlueFlux

data and Landsat 8 imagery.




CO, Flux Estimation (Landsat 8: May—Nov 2022)
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Estimated mean CO2 flux (g/m2/day) in BCNP and ENP from May 2022-November 2022 using A) RF, B) SVM, C) KNN, D) MLR, E)  Scatterplot of estimated and measured CO2 flux (g/m2/day) and corresponding
XGB, F) Weighted Ensemble Analysis, G) Meta-Ensemble, and H) STDE by the BlueFlux data and Landsat 8 imagery. regression line for the season May 2022-November 2022 by the BlueFlux data
and Landsat 8 imagery.



CO, Flux Estimation (Landsat 8: December 2022-April 2023)
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Estimated mean CO2 flux (g/m2/day) in BCNP and ENP from December 2022-April 2023 using A) RF, B) SVM, C) KNN, D) MLR, E)
XGB, F) Weighted Ensemble Analysis, G) Meta-Ensemble, and H) STDE by the BlueFlux data and Landsat 8 imagery.

Scatterplot of estimated and measured CO2 flux (g/m2/day) and corresponding
regression line for the season December 2022-April 2023 by the BlueFlux data
and Landsat 8 imagery.



Estimates using BlueFlux Measurements and Landsat 8 Imagery

Season Metric RF SVM KNN MLR XGB We]g%i‘ted Meta-EA
r 067 069 051 0.72 0.84
December 2021-  MAE 193 206 205 253 195 1.98 1.52
Apil 2022 (g/m2/day)
RMSE
(@myday) 284 312 300 354 283 2.89 2.4
, 0.70 070 051 0.77 0.90
May 2022- M;AEz/d 095 1.10 1.14 140 0.96 1.01 0.65
November 2022  (g/m2/day)
RMSE
@myday 37 164 161 193 137 1.42 0.98
r 061 063 041 068 0.68 0.81
December 2022-  MAE 1.12 121 122 146 1.15 1.16 0.88
Apil 2023 (g/m2/day)
RMSE
(@myday 56 174 170 197 158 1.59 1.28

Table Predicted CO2 accuracies using BlueFlux data and Landsat imagery for the study area

across the three study seasons.



Estimates using BlueFlux Measurements

and Harmonized Sentinel-2 MSI imagery



CO: Flux Estimation (HLS imagery: December 2021-April 2022)
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CO: Flux Estimation (HLS imagery: May—Nov 2022)
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CO: Flux Estimation (HLS imagery: December 2022-April 2023)
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Estimates using BlueFlux Measurements and Harmonized Sentinel-2 MSI imagery

Season Metric RF SVYM KNN MLR XGB Weighted EA Meta-
r 068 065 045 055 0.69 0.95

December 2021-
Apil 2022 MAE (g/m2/day) 199 2.02 239 229 1.95 1.99 0.87
RMSE (g/m2/day) 2.77 294 339 313 271 2.78 1.28
‘ 073 075 056 0.80 0.81 0.95

May 2022-

Novemborg0yy VAE(@/M2/day) 097 116 119 144 100 1.04 0.5C
RMSE (g/m2/day) 144 173 165 204 1.49 147 0.8C
. 056 059 031 0.68 0.69 0.87

December 2022-
. . . . . . 72
Api 2003 MAE (g/m2/day)  1.09 127 126 152 1.15 1.15 0
RMSE (g/m2/day) 151 1.80 174 204 157 1.58 1.06

Table Predicted CO2 accuracies using BlueFlux data and Harmonized Sentinel-2 MSI imagery

for the study area across the three study seasons.



		Season

		Metric

		RF

		SVM

		KNN

		MLR

		XGB

		Weighted EA

		Meta-EA



		December 2021-Apil 2022

		r

		0.68

		0.65

		0.45

		0.55

		0.70

		0.69

		0.95



		

		MAE (g/m2/day)

		1.99

		2.02

		2.39

		2.29

		1.95

		1.99

		0.87



		

		RMSE (g/m2/day)

		2.77

		2.94

		3.39

		3.13

		2.71

		2.78

		1.28



		May 2022-November 2022

		r

		0.81

		0.73

		0.75

		0.56

		0.80

		0.81

		0.95



		

		MAE (g/m2/day)

		0.97

		1.16

		1.19

		1.44

		1.00

		1.04

		0.50



		

		RMSE (g/m2/day)

		1.44

		1.73

		1.65

		2.04

		1.49

		1.47

		0.80



		December 2022-Apil 2023

		r

		0.71

		0.56

		0.59

		0.31

		0.68

		0.69

		0.87



		

		MAE (g/m2/day)

		1.09

		1.27

		1.26

		1.52

		1.15

		1.15

		0.72



		

		RMSE (g/m2/day)

		1.51

		1.80

		1.74

		2.04

		1.57

		1.58

		1.06








Estimates using EC tower Measurements

and Landsat 8 Imagery
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Estimates using EC tower Measurements and Landsat 8 Imagery

Season Metric RF SVM KNN MLR XGB Weg“ed Meta-EA
. 034 040 034 034 038 0.63

December 2021- ,
roila0y | MAE(day) 043 040 043 041 043 042 035
RMSE (¢/m¥/day) 056 054 056 053 056 054 0.45
y 0.63 @ 0.63 063 0.5 0.81

May 2022- )
Noveot a0y MAE (gniiday) 037 033 037 036 037 036 027
RMSE (gm¥/day) 047 047 047 045 047 046 0.35
r 0.18 024 0.18 018 022 0.49

December 2022- )
rpila03 | MAE(glday) 057 054 057 055 057 053 0.49
RMSE (¢/m¥/day) 086 085 086 083 086 0.8 0.75

Table Predicted CO2 accuracies using EC towers data and Landsat 8 imagery for the study

area across the three study seasons.



		Season

		Metric

		RF

		SVM

		KNN

		MLR

		XGB

		Weighted EA

		Meta-EA



		December 2021-Apil 2022

		r

		0.34

		0.40

		0.34

		0.43

		0.34

		0.38

		0.63



		

		MAE (g/m²/day)

		0.43

		0.40

		0.43

		0.41

		0.43

		0.42

		0.35



		

		RMSE (g/m²/day)

		0.56

		0.54

		0.56

		0.53

		0.56

		0.54

		0.45



		May 2022-November 2022

		r

		0.63

		0.66

		0.63

		0.66

		0.63

		0.65

		0.81



		

		MAE (g/m²/day)

		0.37

		0.33

		0.37

		0.36

		0.37

		0.36

		0.27



		

		RMSE (g/m²/day)

		0.47

		0.47

		0.47

		0.45

		0.47

		0.46

		0.35



		December 2022-Apil 2023

		r

		0.18

		0.24

		0.18

		0.26

		0.18

		0.22

		0.49



		

		MAE (g/m²/day)

		0.57

		0.54

		0.57

		0.55

		0.57

		0.55

		0.49



		

		RMSE (g/m²/day)

		0.86

		0.85

		0.86

		0.83

		0.86

		0.85

		0.75








Estimates using EC Tower Measurements

and Harmonized Sentinel-2 MSI imagery
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Estimates using EC Tower Measurements and Harmonized Sentinel-2 MSI imagery

Season Metric RF SVM KNN MLR XGB Wellggi“ed Meta-EA
. 045 049 045 045 048 0.66
December 2021- > 037 035 037 035 037 036 0.29
Apil 2022 MAE (g/m?*day)
RMSE (gm?/day) 049 048 049 047 049 048 0.41
. 062 (067) 064 (067) 062 065 0.80
May 2022- 2 037 030 036 035 037 0.34 0.27
November 2022 MAE (g/m?/day)
RMSE (gm¥day) 049 046 048 046 049 047 0.37
. 024 029 024 024 029 0.57
December 2022- : 057 054 057 055 057 055 0.48
Apil 2023 MAE (g/m?*day)
RMSE (¢/m¥/day) 0-86 085 086 081 086  0.84 0.72

Table Predicted CO2 accuracies using EC towers data and Harmonized Sentinel-2 MSI

imagery for the study area across the three study seasons.



		Season

		Metric

		RF

		SVM

		KNN

		MLR

		XGB

		Weighted EA

		Meta-EA



		December 2021-Apil 2022

		r

		0.45

		0.49

		0.45

		0.52

		0.45

		0.48

		0.66



		

		MAE (g/m²/day)

		0.37

		0.35

		0.37

		0.35

		0.37

		0.36

		0.29



		

		RMSE (g/m²/day)

		0.49

		0.48

		0.49

		0.47

		0.49

		0.48

		0.41



		May 2022-November 2022

		r

		0.62

		0.67

		0.64

		0.67

		0.62

		0.65

		0.80



		

		MAE (g/m²/day)

		0.37

		0.30

		0.36

		0.35

		0.37

		0.34

		0.27



		

		RMSE (g/m²/day)

		0.49

		0.46

		0.48

		0.46

		0.49

		0.47

		0.37



		December 2022-Apil 2023

		r

		0.24

		0.29

		0.24

		0.36

		0.24

		0.29

		0.57



		

		MAE (g/m²/day)

		0.57

		0.54

		0.57

		0.55

		0.57

		0.55

		0.48



		

		RMSE (g/m²/day)

		0.86

		0.85

		0.86

		0.81

		0.86

		0.84

		0.72








CONCLUSION



Key Findings

¢ Airborne BlueFlux data outperformed EC tower data in all seasons.

** Harmonized Sentinel-2 MSI imagery provided smoother and improved results over Landsat 8.

» Meta-Ensemble Analysis achieved the highest accuracy across all data sources and seasons.

+ K-NN and MLR excelled with EC tower data due to simpler models fitting better with limited data.

s Wet season (May-Nov) produced the best results for CO, flux estimations across all scenarios.

¢ BlueFlux data with Sentinel-2 MSI imagery is a reliable method for upscaling CO, flux in wetland ecosystems.

s Future work should expand the use of Airborne data and ensemble models for better accuracy and refine carbon
monitoring efforts across longer time periods.

+»+ Carbon uptake rate and emission vary between wetland types. Coastal wetlands have the capacity to absorb substantial

CO2 (Chmura, 2013) but release very low levels of CH4 (Chmura et al., 2003).



THANK YOU!
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