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Abstract. Methane (CHy), a potent greenhouse gas, traps heat in the atmosphere and significantly contributes to global
warming. Atmospheric CH4 comes from various natural and anthropogenic sources. CH4 emissions from the decomposition
of organic material by bacteria in natural wetlands, other land types, agriculture, and waste management constitute the major
component of global emissions. Although there is no clear evidence that CH4 emissions from wetlands and other natural
sources have increased substantially in the last decade, uncertainties remain regarding sources and their spatial extent causing
discrepancies between emission estimates from inventories/models and estimates inferred by an ensemble of atmospheric
inversions. Here we show that satellite-based CH4 total column measurements along with surface albedo from Sentinel-5
Precursor (S-5p) show unique sensitivity to certain land types. Consequently, the areal extent of six land types (marsh, swamp,
forest, grassland, cropland, and barren-land) could be identified with high overall accuracy by analysing S-5p data over Canada
utilising our classification-segmentation algorithm. Monthly and yearly inventory maps were created, which can be used to
validate or complement global models where data from other sources are missing and may help in further constraining the

methane budget.

1 Introduction

Methane (CHa4), after carbon dioxide (CO), is the second most important anthropogenic greenhouse gas contributing to climate
change. Compared to COs, it has a shorter atmospheric lifetime of about 9 years (Prather et al., 2012), making it a favourable
target for climate change mitigation. Atmospheric emissions and concentrations of CH4 have increased continuously over the
last decade (Saunois et al., 2020). Wetlands are known to be the largest natural source of CH4, with an estimated average global
emission, from “bottom-up” inventories/modelling approaches, of 149 Tg CH4 yr'!' (range 102-182) during the past decade
(2008-2017) (Saunois et al., 2020). This represents about 20% of the total CH4 emission sources estimated by such approaches.
The wide variability in estimates results from the difficulty in defining CH4 producing wetland areas and parameterising
terrestrial anaerobic conditions that drive CH4 sources and conversely, oxidative conditions leading to CHy4 sinks (Melton et
al., 2013; Poulter et al., 2017; Wania et al., 2013). However, average CH4 bottom-up wetlands’ emission estimates are lower
than top-down emission estimates of 181 Tg CHy4 yr'! (range 159-200) inferred by an ensemble of atmospheric inversions using

an atmospheric constraint (Saunois et al., 2020). The difference between average wetland emissions from bottom-up and top-
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down estimates has increased from about 17 to 30 Tg CH4 yr! in the recent global methane budget study (Saunois et al., 2016;
Saunois et al., 2020). This difference for other natural emission sources (e.g., inland waters, geological, permafrost, vegetation,
etc.) is 185 Tg CH4 yr'! (Saunois et al., 2020). Reducing the differences between the two estimate methods is of prime
importance to constrain the global methane budget more accurately. About 5% of the atmospheric CH4 uptake is by the
methanotrophic bacteria present in unsaturated oxic soil, with the main sink being chemical reactions in the atmosphere
(Saunois et al., 2020). The CH4 emission contribution from land types is calculated as the product of emission flux density and
the surface extent of CHs source/sink area (Bohn et al., 2015; Melton et al., 2013). The seasonal and inter-annual variability
of these land types’ areal extent is considered the main cause of uncertainty in calculating their absolute flux of CH4 emissions,
which is significant for the global CH4 budget (Bohn et al., 2015; Desai et al., 2015; Poulter et al., 2017). However, equally
the actual areal extent of different wetland types is still very approximate and in many parts of the world and needs to be
improved, such as the areas of marsh, bog, swamp and fen in Canada (Comer et al., 2000; Harris et al., 2021). Here, we show
for the first time that a space instrument can detect the sensitivity of CH4 product to variations in land types, i.e., TROPOspheric
Monitoring Instrument (TROPOMI), which is onboard the European Space Agency’s (ESA) Sentinel-5 Precursor (S-5p)
satellite measuring daily global total column concentrations of atmospheric CHs. We further show how this information can
be used to identify the inherent sensitivities amongst land types responsible for such positive or negative emissions, but also
help to better define the areal extent of the different land use types (particularly wetlands) from which more accurate

greenhouse gas global budgets can be calculated

2 Data and study region
2.1 Satellite-based CHs total column data used in this study

S-5p is orbiting the Earth in a near-polar sun-synchronous orbit at an altitude of 824 km with an ascending node equator
crossing at 13:30 local time since its launch on 13 October 2017. TROPOMI is a nadir-viewing grating spectrometer measuring
the solar radiation reflected by the Earth and its atmosphere in eight spectral bands from the ultraviolet (UV) to the short-wave
infrared range (SWIR). S-5p has an orbit cycle of 16 days and covers the Earth with 14 orbits per day. The push-broom
configuration with the imaging capabilities allows a wide swath of 2,600 km, which results in daily global coverage. The
vertically integrated abundances of CHj are retrieved from the SWIR (2305-2385 nm) spectral channel (Veefkind et al., 2012).
The CH4 total column measured by the satellite is a combination of CHs production, oxidation in the atmosphere (or soil
uptake), and transport. The spatial resolution of the operational level 2 SWIR product was originally 7x7 km? in exact nadir
and was increased to 5.5%7 km? on 6 August 2019. The operational processing to retrieve the column averaged dry air mixing
ratio of CHy is performed by RemoTeC S5 algorithm (Hu et al., 2016). The operational CHy4 total column product consists of
a standard product and a bias-corrected product. The details of the bias correction are described in the Algorithm Theoretical
Baseline Document (ATBD) (Hu et al., 2016). The latest product version of the S-5p CHj total column data from Jan 2018

until Dec 2019 has been used in this study. This period also includes the data during the satellite's commissioning phase (Jan
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— end April 2018). The quality of the data has been verified by the ESA mission performance centre (MPC) by performing
validation against reference ground-based remote sensing networks of the Total Carbon Column Observing Network (TCCON)
and the Infrared Working Group (IRWG) of the Network for the Detection of Atmospheric Composition Change (NDACC)
(Langerock & Sha, 2019; Sha et al., 2021). The reported systematic uncertainty of the bias corrected methane product validated
against 25 TCCON stations is -0.26£0.56 % and the random uncertainty is 0.57+0.18 %. These stations are located in different
parts of the world representing different surface conditions (land types and corresponding surface albedos) and atmospheric
conditions, As S-5p records solar absorption measurements reflected by the Earth’s surface and the atmosphere, measurements
are not possible over larger parts of Canada during the winter months (Nov-Jan).

The S-5p bias-corrected CHy total column values along with the retrieved surface albedo (SA) for quality assurance (qa) value
greater than 0.5 were selected and binned on a regular 0.05° grid to form the level 3 (L3) data. The harp component of the
ESA atmospheric toolbox (https://atmospherictoolbox.org) was used to perform the latitude longitude regridding where each
S-5p pixel contributes to the regridded CH4 value of the target grid cell if there was an overlap of the pixel and the grid cell.

In case when multiple pixels overlap, a grid cell weighted average was taken using the overlap area as the weight.

2.2 Region of study
2.2.1 Selection of the region

Wetlands cover approximately 5.5% of the global land surface with an average areal extent of 8.0 to 8.4 million km?. Apart
from the ecological significance, wetlands store atmospheric carbon and act as a carbon sink. Peatland wetlands, for example,
cover 3% of the Earth’s land surface but store approximately 25% of the global soil carbon (Yu et al., 2011). The CHy4
production in wetlands is influenced by the spatial and temporal extent of anoxia (water level in the soil), temperature,
availability of substrate, and plant ecology (Valentine et al., 1994; Wania et al., 2010; Whalen, 2005; Swenson et al., 2019).
Monitoring these wetlands using remote sensing is a resource and time-efficient endeavour with significant ecological and
environmental importance. A large section (~25%) of the world’s remaining wetlands are located in Canada, covering 12.9%
of Canada’s terrestrial area (National Wetlands Working Group, 1997; Environmental and Climate Change Canada, 2016).
Therefore, we have chosen Canada as our study region due to the presence of large wetland areas (and other land types) which
are known to emit differing quantities of CHy4 and the availability of a land type map for Canada (described in section 2.2.2)

for verifying our results.

2.2.2 Canadian Wetland Inventory

In 2019, Amani et al. (2019) created the first Canada wetland inventory (CWI) using a composite of approximately 30,000
Landsat-8 surface reflectance images collected from 2016 to 2018. This method allows monitoring and mapping wetlands
every three years with 66% producer and 63% user accuracy. The CWI map included five wetland classes defined by the

Canadian Wetland Classification System (CWCS) — bog, fen, marsh, swamp, and shallow-water — as well as other land types
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— forest, grassland, cropland, barren (rocks, gravel, built-up areas, non-vegetation), deep-water, and snow (Fig. 1a left inset).
The S-5p data being used for this study matches the timeframe of creation of the first CWI; therefore, it was used to generate

the S-5p resolution specific ground truth labels described in the next section.

3 Methods

A brief description of the machine learning (ML) algorithm utilised to create the labels and analyse the satellite data is
described here. The ML algorithm used was initially developed to identify vegetation communities within wetlands using
remote sensing, and the steps for customising the algorithm for detecting the sensitivities of land types to the S-5p products

(methane and SA) are given here.

3.1 Creating ground truth labels from CWI

The CWI map is available at a significantly higher spatial pixel resolution of 30 m compared to the binned S-5p resolution at
0.05° grid (~5.5 km). The CWI map was therefore upscaled to a lower resolution map combining additional Moderate
Resolution Imaging Spectroradiometer (MODIS) normalised difference vegetation index (NDVI) product. The MODIS NDVI
(Normalized Difference Vegetation Index) (MOD13A3) produces monthly NDVI maps at 1 km resolution with about 15 tiles
covering the area of interest (AOI) in Canada marked with a red rectangular box in Fig. 1. All of the NDVI images were
mosaicked using the mean value (for the overlapping areas) for the 24 months of the study period. Therefore, a 3-dimensional
image with 24 bands was created using layer stacking for the AOI. To create proper segments, the CWI map was also upscaled
to 1 km resolution such that it is compatible with the MODIS NDVI product. The map was upscaled to 5.5 km spatial resolution
using nearest neighbour interpolation for upscaling it to the same resolution as the L3 S-5p data.

Some of the islands (far north) were not considered due to poor or insufficient availability of S-5p data during long winter
periods, in which the area was covered in snow/ice and/or clouds, limiting the satellite’s view. Due to the current unavailability
of methane data over water from TROPOMI, land types like shallow water and deep water were also not considered for this
study. The smoothed segmented map created for the selected area (Fig. 1a right inset) was used as the ground truth (GT) in
this paper. The conventional remote sensing analysis is performed against manually collected field data. Other ready to use
products like CORINE land cover (CLC  2018), MODIS Iland <cover map (MCDI12Q2:

https://Ipdaac.usgs.gov/products/med12q2v006/), etc., can also be used as initial ground truth for validating a similar study. It

has to be noted that in this study, the upscaling was due to the absence of field-based ground truth. The MODIS land cover
map also had a limitation on the wetlands types; therefore, CWI was the best product available to conduct this study.
3.2 Classification-segmentation machine learning algorithm

The level 3 regridded S-5p CHs total column and SA over Canada were analysed utilising a ML algorithm described in
Bhatnagar et al. (2020). The dendrogram created using the CWI describes the degree of dissimilarity in CH4 between the
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clusters of land types (Fig. 1b). This dissimilarity was measured in the form of Euclidean distance between the centroids —
depicting how close/far (in terms of CH4 total column values) the land types exist. The workflow, including the development
of ground truth (GT) maps, creation of monthly and yearly maps, and performance evaluation of the algorithm, is described in
Fig. 2.

The first step of the analysis was creating a GT map for evaluating the sensitivity of S-5p CHj total column measurements to
certain land types, especially wetlands. Next, the S-5p data was used for classification using a segmentation model using
random forest classification followed by graph cut segmentation based on posterior probability; a detailed description of the
model can be found in Bhatnagar et al. (2020). Therefore, both pixel-based intensity and contextual information (area-based
segmentation) were utilised. For training, 30% of stratified random samples (pixels) from the GT map were used. Collins et
al. (2020) suggest that using random training samples with equal representation of each class is necessary to avoid classifiers’
bias. The manual selection of training points may produce clustered training points, thereby increasing the inherent spatial
autocorrelation (Millard and Richardson, 2015). Therefore, stratified random sampling of training data with equal weightage
to each class was selected for this study. Stratified random sampling is advantageous as it usually yields more accurate
estimations (Stumpf et al., 2013).

Using the segmentation model mentioned above, every pixel under AOI was mapped at least once every month. Therefore, a
total of 679 daily maps were created for the years 2018 and 2019. It has to be noted that this study does not use conventional
time-series analysis. Here, every image was treated individually with equal realisation, i.e., all the images under consideration
had equal importance. The majority voting was done for each pixel in the daily maps to create the monthly maps using Eq.1

(Jimenez et al. (1999)), i.e., for every pixel p € N a class x € n would be assigned if,

N N
D B® = mads, ) K M

p=1 p=1

where N are the total number of pixels, and F’; (x) is the majority voted map at the end of each month for the years 2018, 2019.
Pixels that were not mapped for any given day for that month were removed. Furthermore, only the covered/mapped area was
used for further accuracy analysis for each land type (class). Class Accuracy (CA) is the ratio of the diagonal vector of the

class under consideration with the total number of pixels belonging to the same class, shown in Eq.2.
TP

CA= TP TFN

2

Eventually, a majority voting was applied on monthly maps (separately for two years) to obtain the final annual aggregated
map. This map gives an idea of the difference in land types and opens an area of application of S-5p products for this purpose.
For every month, only the pixels with CA>55% were selected to form a high-confidence map for that month and classes like
bog, fen, deep water, shallow water were omitted in these maps due to low CA values. The monthly high-confidence maps

were again combined (using majority voting) to form the final aggregated map for a year. The performance of the algorithms
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was tested on the remaining pixels. A kappa value of 0.69 was achieved, which are comparable to the kappa value (0.66)
reported by Amani et al. (2019).

The accuracy of areal detection should not only be checked by typical PB evaluation metrics such as producer and user accuracy
(Story & Congalton, 1986). For change detection, PB comparison may not provide the true extent of error; therefore, segment-
based comparison based on the area’s geometry was needed (Bhatnagar et al., 2021). Hence, a set of error metrics linked with
location and extent of land type detection was calculated for the annual maps for both years while comparing it with the GT

of the captured region (Bhatnagar et al., 2021).

3.3 Error metric

The set of error metrics specific to measuring spatial changes to identify differences between CH4 identification, used in this

study, is described below.

e Jaccard Similarity Index (J) measures the similarity between the members of the two sets and reports the amount of
similarity and distinction (Real & Vargas, 1996).

e Area (A) estimates the total area of the selected land type. The area of every individual pixel is determined by looking at
its 2x2 neighbourhood. Each pixel is part of four different 2x2 neighbourhoods, which indicates the change in the overall
growth/shrinkage of the community.

¢ Orientation (O) gives the angle between the x-axis and the ellipse's major axis (covering the entire land type). It can range
from -90 to + 90 degrees, indicating the direction of the land type change.

o Extent (E) indicates the ratio of total pixels present in the bounding box to the total pixels present in the image. The

bounding box represents a box (rectangle/square) covering the major cluster of pixels present for a land type in an image.

4 Results and discussion
4.1 Seasonal and spatial variations of S-5p CHa total column

Time-series of S-5p CHs total column concentrations over the four land types (marsh, swamp, forest, and grassland) are shown
in Fig. lc, with gaps indicating missing data during November-January (winter months). Although the absolute total column
values indicate a lack of uniqueness, the entire dataset over two years reveals significant distinction, as seen in the dendrogram
plot of hierarchical clusters present within the dataset (Fig. 1b). Within the two main clusters of the dendrogram, major
wetlands and forest areas are segregated from other land types. The height of each dendrogram leg signifies the uniqueness of
S-5p CHjs total column values from each land type. Fen appears closely related to marsh (based on the mean value (~300 km)
of the dendrogram leg). Swamp and forest also show inter-mixed features, most likely due to their spatial proximity. For similar
reasons, grass and barren-land types show indistinguishable features indicating that CH4 total column values from

neighbouring land types may not be identifiable as distinct.
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S-5p CHy total column and SA values were available for all key land types as classified in CWI map (Amani et al., 2019).
Area covered by snow, as obtained using MODIS snow product (Hall et al., 2006), interfered with the capture and visibility of

land types decreased in all cases with increased snow cover (Fig. 3).

4.2 Detection of sensitivity of CH4 to land types

The S-5p CHj total column and SA from gridded pixels were analysed together and separately using a classification-
segmentation algorithm for each available day. Algorithm steps, training data (30%) and all details were described previously
in Section 3. The analysis generated daily maps from the testing data (70%) showing the extent of 8 different land types over
365 days in 2019 and 314 days in 2018 (51 missing days, mostly during the S-5p commissioning phase). The daily maps during
a calendar month were combined to create a monthly map where each pixel was identified as the land type using majority
voting as described in the previous section. The time-series of the class accuracy (CA) values for each land type calculated
compared to the GT maps are shown in Fig. 3, along with the SA for the respective land types.

The performance of the algorithm for detecting area of each land type showed the sensitivity of S-5p CHs total column and
SA to the land type in 2018 and 2019 as presented in Table 1, and the confusion matrix in Table 2. Table 1 depicts the six
major land types. Since the overall CA of bog and fen were less than 55%; these land types were not considered in the final
creation of annual maps (Fig. 4). Table 2 (confusion matrix) gives pixels for all eight land types for better understanding. The
CA improved with the inclusion of SA data for most land types, especially for swamp and cropland compared to the analysis
considering only S-5p CH4 data (Fig. 3 all sub-plots).

Using S5-p products, the land types with large areal extent, such as marsh, forest, grassland, swamp, and cropland, showed
high detectability (CA>60%), while wetland types such as bog and fen showed low CAs due to low areal extent and proximity
to other dominant land types. Bog, fen, and swamp were often misclassified due to their intermixed land distribution. In the
winter months, CA decreased due to the lack of S-5p data and were omitted from the plots. Marsh was detected with the highest
CA, with variations in accuracy linked with a lack of available pixels. Similarly, for grassland and barren-land, CAs were
linked with the area covered by S-5p, with grassland showing better detectability. The other key wetland-type, swamp, showed
better detectability in spring and autumn than summer when it was misclassified as forest during the growing season. Forest
was detected with reasonable OA, which slightly reduced with the melting of snow cover. The inclusion of SA improved the
detectability of cropland significantly. The detectability of most dominant land types utilising CH4 data thus indicates a
significant difference and sensitivities of CH4 emissions between land types.

The seasonal variations of the CH4 data and SA from land types are illustrated by delineating different land types during
different seasons of 2018 (Fig. 4a) and 2019 (Fig. 4¢). Land types detected with all CA values were plotted in monthly maps,
with any missing or non-detectable pixels shown as white in Fig. 4. The sensitivities of the method for distinguishing between
marsh, swamp, grassland, and barren-land were strongest during March-May, while sensitivities to cropland and neighbouring
land types were strongest during May-June. It has to be noted that the random uncertainty in the XCH4 data, as mentioned

earlier, is 10.5 ppb. When the difference between the CHy4 values is less than the uncertainty, the results are considered to be
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erroneous. This can be seen for major land types in Figure 1c. The months March-May have a difference greater than 10.5 ppb
which explains better detection of classes during that period.

The yearly maps for 2018, 2019 were created using majority voting of the monthly maps during the calendar year, only
including land types with CA>55% (Fig. 4b&d). The CA was calculated considering the classified map provided by Amani et
al. (2019) and not validated against independent field assessment (due to unavailability of this information). The areal extent
of marsh, swamp, forest, and grassland was identified with high confidence (Figure 3). The land types with large areal extent
were generally detected well with high accuracy except in the case of barren-land, which showed low producer accuracy
indicating its low sensitivity to CH4 emissions. The bog and fen wetlands with lower areal extent were misclassified as marsh
(Table 2). Similarly, some pixels in the swamp were misclassified as forest during summer periods (June-August). This is
mainly due to the proximity of the land types, which leads to pixel-mixing effects (also seen in Figure 1 (b)). Land types other
than wetland (cropland and barren-land) were best identified in summer with good boundary delineation, and grassland,
although adjacent to marsh, was well distinguishable throughout the year, indicating the sensitivity to the difference CH4 for
these land types.

It is possible that SA at 2.3 um is particularly sensitive to some land types, leading to enhancement of identification (additional
tests done using just SA information are shown in Fig. 5). Also, as seen in Fig. 3, the land types show very small changes in
the SA retrieved in the 2.3 pm over time during the year.

In Fig. 5, the green line shows the SA case, plotted along with the bias-corrected XCH4 case (orange line) and the bias-
corrected XCH4 + SA case (blue line) which are shown in the paper. Independently, XCH4 or SA provides reasonable accuracy
for land type sensitivity detection. In particular, for land types where methane activities are expected to be fluctuating less, we
tend to see a significant impact of SA on accuracy. When we use CH4 and SA combined, we see the best performance in
identifying the sensitivities of land types as in the proposed algorithm. Therefore, we find that the best choice is the combined
usage of the bias-corrected XCH4 + SA case. In addition, the effect of the bias-correction applied to the XCH4 data was seen
to be similar to standard XCH4 (std-XCH4) data for most land types see Fig. 6, where the dashed black line shows the standard
XCH4 case, plotted along with the bias-corrected XCH4 case (orange line) and the bias-corrected XCH4 + SA case (blue line).
The largest difference in accuracies between the standard and the bias-corrected XCH4 runs can be seen for cropland. This is
because the maximum change in SA was observed for cropland (Fig. 3). The other land types show very small changes in the
SA retrieved in the 2.3 micron over time during the year. Therefore, the effect of the bias-correction applied to the XCH4 data
is similar for those land types with similar SA conditions.

Detection of the areal extent of land types and the difference in their sensitivities based on S-5p CH4 total column combined
with SA was carried out utilising the proposed machine learning (ML) algorithm, where the efficiency of detection was
investigated using a set of areal error metrics. Jaccard similarity index (J), area (A), orientation (O) and extent (E) (Table 3).
Good detection was seen for all six key land types, while the variability of these metrics mainly was attributed to the lack of

availability of S-5p pixels, which were often due to inimical meteorological conditions.
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Lastly, this study aims to highlight the potential of S-5p products for detecting the variation in land types. Due to the absence
of in situ measurements, the study could not verify the correlation of sensitivities of the land types as seen from space and
actual ground coverage. The other limitation was the lack of field measurements in terms of land cover. This study is highly
dependent on prior knowledge about the ground truth/land type locations. Furthermore, at least a coarse information of land
type location is essential to conclude the sensitivity variations present. Whilst this methodology presented does not actually
quantify the methane fluxes from the different land types, with ever more focus and field studies globally on greenhouse gas
emissions from different land types providing ground truth data, as well as advancing knowledge about atmospheric physics,
it may soon be possible to fractionate the remotely-sensed net CHy signal via further modelling to be able to start to differentiate
CH4 emissions between the land types with more confidence using this product. Furthermore, having an additional remote
sensing approach to map the areal extent of different land uses (which actually incorporates one of the main greenhouse gases)
helps to reduce the uncertainties in this areal parameter, which is used, in conjunction with typical greenhouse gas emissions
for different land types from field data, to provide better estimates of the overall impact on global carbon budgets that these

large, more remote areas of wetlands in the world, are having.

Conclusions

This work demonstrates that the S-5p CH4 total column data with a machine learning algorithm can reveal unique sensitivity
to certain land types, especially marsh, forest and grassland. Analysing such CH4 data along with derived surface albedo, the
areal extents of six land types (following CWI), including two major wetland types (marsh and swamp) covering ~60% of the
total wetland area of Canada, were identified for two consecutive years 2018, 2019. As the vegetation appearance of land
types, especially wetlands, can vary seasonally, mapping it solely using aerial photography or satellite imagery may lead to
errors because of a lack of consistent vegetation patterns (Environmental and Climate Change Canada (2016)). The CWI
generated using S-5p data in this study is complementary to the traditional methods of land type identification showing daily,
monthly, seasonal, and yearly changes. These maps can be used by the WAD2M (Wetland Area Dynamics for Methane
Modeling) to either verify or complement their data where measurements from other sources are not available. The study
presents an entirely new application of satellite-based CH4 data illustrating its potential for land type identification of large

areas, monitoring and studying the dynamic change over time, and helping to constrain global methane emission models.

Code availability

The classification (Bhatnagar et al. 2020) code used for the study can be accessed via the GitHub

repository https://github.com/saheba92/Mapping-vegetation-communities
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Data availability

The publicly available S-5p CH4 total column and SA data is available via https://s5phub.copernicus.eu/dhus/#/home, the S-

5p data during the commissioning phase (Jan — end April 2018) has been made available from the S-5p mission performance
centre (MPC) upon acquiring special permission from ESA for this study. The gridded S-5p data (level 3) using the HARP
tools are also available from the corresponding author upon request. The CWI data used for creating ground truth has been
provided by Meisam Amani. The monthly CWI generated using S-5p data are available in the BIRA-IASB Data Repository
(https://repository.aeronomie.be/) with the identifier https://doi.org/10.18758/71021060.

Author contributions

B.G. and M.K.S. designed the research. B.L. and M.K.S. created the level 3 S-5p methane total column and surface albedo
data. S.B. ran the classification codes and did the data analysis with inputs from B.G. and M.K.S.. L.G. gave input on wetland
emissions and their properties. All authors contributed to the interpretation of the results. M.K.S., B.G., and S.B. wrote the

manuscript with input from all co-authors.

Competing interests

The authors declare no competing interests.

References

Amani, M., Mahdavi, S., Afshar, M., Brisco, B., Huang, W., Mohammad Javad Mirzadeh, S., White, L., Banks, S.,
Montgomery, J. and Hopkinson, C. Canadian wetland inventory using google earth engine: The first map and preliminary

results. Remote Sensing, 11(7), p.842, https://doi.org/10.3390/rs11070842, 2019.

Bhatnagar, S., Gill, L., Regan, S., Naughton, O., Johnston, P., Waldren, S., & Ghosh, B. Mapping vegetation communities
inside wetlands using Sentinel-2 imagery in Ireland. International Journal of Applied Earth Observation and

Geoinformation, 88, 102083, https://doi.org/10.1016/j.jag.2020.102083, 2020.

Bhatnagar, S., Gill, L., Regan, S., Waldren, S., & Ghosh, B. A nested drone-satellite approach to monitoring the ecological
conditions  of  wetlands. ISPRS  Journal = of  Photogrammetry and Remote  Sensing, 174, 151-165,
https://doi.org/10.1016/j.isprsjprs.2021.01.012, 2021.

Bohn, T.J., Melton, J.R., Ito, A., Kleinen, T., Spahni, R., Stocker, B.D., Zhang, B., Zhu, X., Schroeder, R., Glagolev, M. V.

and Maksyutov, S. WETCHIMP-WSL: intercomparison of wetland methane emissions models over West Siberia.
Biogeosciences 12, 3321-3349, https://doi.org/10.5194/bg-12-3321-2015, 2015.

10



310

315

320

325

330

335

https://doi.org/10.5194/bg-2022-88
Preprint. Discussion started: 15 June 2022
(© Author(s) 2022. CC BY 4.0 License.

Collins, L., McCarthy, G., Mellor, A., Newell, G., & Smith, L. Training data requirements for fire severity mapping using
Landsat imagery and random forest. Remote Sensing of Environment, 245, 111839, https://doi.org/10.1016/j.rse.2020.111839,
2020.

Comer, N.T., Lafleur, P.M., Roulet, N.T., Letts, M.G., Skarupa, M., and Verseghy, D. A test of the Canadian land surface

scheme (class) for a variety of wetland types, Atmosphere-Ocean, 38(1), 161-179,
https://doi.org/10.1080/07055900.2000.9649644, 2000.
Desai, A.R., Xu, K., Tian, H., Weishampel, P., Thom, J., Baumann, D., Andrews, A.E., Cook, B.D., King, J.Y. and Kolka, R.

Landscape-level terrestrial methane flux observed from a very tall tower. Agricultural and Forest Meteorology. 201, 61-75,
https://doi.org/10.1016/j.agrformet.2014.10.017, 2015.

Didan, K. (2015). MOD13A3 MODIS/Terra vegetation Indices Monthly L3 Global 1km SIN Grid V006 [Data set]. NASA
EOSDIS Land Processes DAAC. Accessed 2020-9-1 from https://doi.org/10.5067/MODIS/MOD13A3.006

Environment and Climate Change Canada (2016) Canadian Environmental Sustainability Indicators: Extent of Canada's
Wetlands. Consulted on 04 October, 2020. Available at www.ec.gc.ca/indicateurs-
indicators/default.asp?lang=en&n=69E2D25B-1.

Hall, D. K., G. A. Riggs & V. V. Salomonson. 2006. MODIS/Terra Snow Cover 5-Min L2 Swath 500m, Version 5.
[MOD10A1]. Boulder, Colorado USA. NASA National Snow and Ice Data Center Distributed Active Archive Center.
Accessed 2020-9-1 from https://doi.org/10.5067/ACYTYZB9BEOS

Harris, L.I., Richardson, K., Bona, K.A., Davidson, S.J., Finkelstein, S.A., Garneau, M., McLaughlin, J., Nwaishi, F., Olefeldt,
D., Packalen, M., Roulet, N.T., Southee, F.M., Strack, M., Webster, K.L., Wilkinson, S.L., Ray, J.C. The essential carbon

service provided by northern peatlands. Frontiers in Ecology and the Environment https://doi.org/10.1002/fee.2437, 2021.
Hu, H., Hasekamp, O., Butz, A., Galli, A., Landgraf, J., Aan de Brugh, J., Borsdorff, T., Scheepmaker, R. and Aben, I. The
operational methane retrieval algorithm for TROPOMI. Atmos. Meas. Tech. 9, 54235440, https://doi.org/10.5194/amt-9-
5423-2016, 2016.

Jimenez, L. O., Morales-Morell, A. & Creus, A. Classification of hyperdimensional data based on feature and decision fusion
approaches using projection pursuit, majority voting, and neural networks. IEEE Trans. Geosci. Remote Sens. 37, 1360-1366,
https:/doi.org/10.1109/36.763300, 1999.

Langerock, B. & Sha, M. K. MPC + TCCON4S5P Validation Presentation, Sentinel-5P Third products Release Workshop.
Available at https://earth.esa.int/documents/247904/3753563/SSPCH4-VAL-MPC-TCCON4S5P, 2019.

Melton, J.R., Wania, R., Hodson, E.L., Poulter, B., Ringeval, B., Spahni, R., Bohn, T., Avis, C.A., Beerling, D.J., Chen, G.

and Eliseev, A.V. Present state of global wetland extent and wetland methane modelling: conclusions from a model

intercomparison project (WETCHIMP). Biogeosciences 10, 753—788, https://doi.org/10.5194/bg-10-753-2013, 2013.

Millard, K., & Richardson, M. On the importance of training data sample selection in random forest image classification: A

case study in peatland ecosystem mapping. Remote sensing, 7(7), 8489-8515, https://doi.org/10.3390/rs70708489, 2015.

11



340

345

350

355

360

365

370

https://doi.org/10.5194/bg-2022-88
Preprint. Discussion started: 15 June 2022
(© Author(s) 2022. CC BY 4.0 License.

National Wetlands Working Group (1997) The Canadian Wetland Classification System. 2nd edition. Edited by BG Warner
and CDA Rubec. Wetlands Research Centre, University of Waterloo, Waterloo, Ontario,1997.

Poulter, B., Bousquet, P., Canadell, J.G., Ciais, P., Peregon, A., Saunois, M., Arora, V.K., Beerling, D.J., Brovkin, V., Jones,
C.D. and Joos, F. Global wetland contribution to 2000—2012 atmospheric methane growth rate dynamics. Environ. Res. Lett.

12, 094013, https://doi.org/10.1088/1748-9326/aa8391, 2017.

Prather, M. J., Holmes, C. D. & Hsu, J. Reactive greenhouse gas scenarios: Systematic exploration of uncertainties and the
role of atmospheric chemistry. Geophysics Research Letters 39, L09803, https://doi.org/10.1029/2012GL051440, 2012.
Real, R. & Vargas, J. M. The Probabilistic Basis of Jaccard’s Index of Similarity. Syst. Biol. 45, 380-385,
https://doi.org/10.1093/sysbio/45.3.380, 1996.

Saunois, M., Bousquet, P., Poulter, B., Peregon, A., Ciais, P., Canadell, J.G., Dlugokencky, E.J., Etiope, G., Bastviken, D.,
Houweling, S. and Janssens-Maenhout, G. The global methane budget 2000-2012. Earth Syst. Sci. Data 8, 697-751,
https://doi.org/10.5194/essd-8-697-2016, 2016.

Saunois, M., Stavert, A.R., Poulter, B., Bousquet, P., Canadell, J.G., Jackson, R.B., Raymond, P.A., Dlugokencky, E.J.,
Houweling, S., Patra, P.K. and Ciais, P. The Global Methane Budget 2000—2017. Earth Syst. Sci. Data 12, 1561-1623,
https://doi.org/10.5194/essd-12-1561-2020, 2020.

Sha, M. K., Langerock, B., Blavier, J.-F. L., Blumenstock, T., Borsdorff, T., Buschmann, M., Dehn, A., De Mazi¢re, M.,
Deutscher, N. M., Feist, D. G., Garcia, O. E., Griffith, D. W. T., Grutter, M., Hannigan, J. W, Hase, F., Heikkinen, P., Hermans,
C., Iraci, L. T., Jeseck, P., Jones, N., Kivi, R., Kumps, N., Landgraf, J., Lorente, A., Mahieu, E., Makarova, M. V., Mellqvist,
J., Metzger, J.-M., Morino, 1., Nagahama, T., Notholt, J., Ohyama, H., Ortega, 1., Palm, M., Petri, C., Pollard, D. F., Rettinger,
M., Robinson, J., Roche, S., Roehl, C. M., Rohling, A. N., Rousogenous, C., Schneider, M., Shiomi, K., Smale, D., Stremme,
W., Strong, K., Sussmann, R., T¢, Y., Uchino, O., Velazco, V. A., Vrekoussis, M., Wang, P., Warneke, T., Wizenberg, T.,

Wunch, D., Yamanouchi, S., Yang, Y., and Zhou, M.: Validation of methane and carbon monoxide from Sentinel-5 Precursor
using TCCON and NDACC-IRWG stations. Atmospheric Measurement Techniques 14, no. 9, https://doi.org/10.5194/amt-
14-6249-2021, 2021.

Story, M. & Congalton, R. G. Accuracy assessment: a user’s perspective. Photogramm. Eng. Remote Sensing 52, 397-399,
1986.

Stumpf, A., Lachiche, N., Malet, J. P., Kerle, N., & Puissant, A. Active learning in the spatial domain for remote sensing image
classification. IEEE transactions on geoscience and remote sensing, 52(5), 2492-2507,

https://doi.org/10.1109/TGRS.2013.2262052, 2013.

Swenson, M.M., Regan, S., Bremmers, D.T., Lawless, J., Saunders, M. and Gill, L.W. Carbon balance of a restored and cutover
raised bog: implications for restoration and comparison to global trends, Biogeosciences 16, 713-731,

https://doi.org/10.5194/bg-16-713-2019, 2019.

Valentine, D. W., Holland, E. A. & Schimel, D. S. Ecosystem and physiological controls over methane production in northern

wetlands. J. Geophys. Res. 99, 1563—1571, http://dx.doi.org/10.1029/93JD00391, 1994.

12



375

380

385

https://doi.org/10.5194/bg-2022-88
Preprint. Discussion started: 15 June 2022
(© Author(s) 2022. CC BY 4.0 License.

Veefkind, J.P., Aben, 1., McMullan, K., Forster, H., De Vries, J., Otter, G., Claas, J., Eskes, H.J., De Haan, J.F., Kleipool, Q.
and Van Weele, M. TROPOMI on the ESA Sentinel-5 Precursor: A GMES mission for global observations of the atmospheric
composition for climate, air quality and ozone layer applications. Remote Sens. Environ. 120, 70-83,
https://doi.org/10.1016/j.rse.2011.09.027, 2012.

Wania, R., Melton, J.R., Hodson, E.L., Poulter, B., Ringeval, B., Spahni, R., Bohn, T., Avis, C.A., Chen, G., Eliseev, A.V.

and Hopcroft, P.O. Present state of global wetland extent and wetland methane modelling: methodology of a model inter-

comparison project (WETCHIMP). Geosci. Model Dev. 6, 617-641, https://doi.org/10.5194/gmd-6-617-2013, 2013.

Wania, R., Ross, I. & Prentice, I. C. Implementation and evaluation of a new methane model within a dynamic global

vegetation model: LPJ-WHyMe v1.3.1. Geosci. Model Dev. 3, 565-584, https://doi.org/10.5194/gmd-3-565-2010, 2010.

Whalen, S. C.: Biogeochemistry of Methane Exchange between Natural Wetlands and the Atmosphere, Environ. Eng. Sci. 22,
73-94, https://doi.org/10.1089/ees.2005.22.73, 2005.
Yu, Z., Beilman, D.W., Frolking, S., MacDonald, G.M., Roulet, N.T., Camill, P, Charman, D.J. Peatlands and their role in

the global carbon cycle. Eos, Transactions American Geophysical Union 92, 97-108.
https://doi.org/10.1029/2011EO120001, 2011.

13



https://doi.org/10.5194/bg-2022-88 . ) %
Preprint. Discussion started: 15 June 2022 Biogeosciences - EG U
(© Author(s) 2022. CC BY 4.0 License. Discussions é
m
GROUND TRUTH (GT)

Ml soc I ren [ MaRsH | swavie Il ForesT [ GRASSLAND

[ crOPLAND [ BARREN LAND [Bl] SHALLOW WATER [JJj DEEP WATER

1950

w
o
o

+ Marsh A Forest O Grassland | ]

[
o
o

1900

g 450
@ z b
£ 400 | £ 1850
hod g ]
T 350 ]
1] |4 ]
1800 b
2 300 L 1
250 H 1
I 1 | [ r } ; el ‘ ]
Y o o S
& & L & “4' & & & o 2 K3 P &
F &y F & e & & & § & > & § & o & &
Qy‘b% Q;Vg‘\ys\o &OQ ¥ & é&Q& c;\‘\v QO% & & N 5 & i & & &
IS

S
Days (2018/19)

(b) (c)

Figure 1 | Land type classification map (ground truth) creation for Canada and its classification based on S-5p CH4 product. a, (left)

390 Land types in Canada as described in Amani et al. 2019 (10 classes) at 30 m spatial resolution and (right) ground truth (GT) created
using the MODIS NDVI product (Didan (2015)) and graph cut segmentation at 0.05° spatial resolution. The maps were generated
using Matlab v.2019b software. The boundary of the map was taken from the open-source website https://www.igismap.com/canada-
shapefile-download-free-adminstrative-boundaries-provinces-and-territories/ (last accessed on 15 June 2020). b, An unsupervised
clustering of land types, Dendrogram depicting the inbuilt hierarchical relationship that exists in the data (displaying the best

395 division in the land types using Euclidean distance as dissimilarity). ¢, Time-series (Jan 2018 — Dec 2019) distribution of the CH4
(ppb) for the marsh, swamp, forest, and grassland depicting the similarity and points of difference in the dataset. The points are the
individual values for the respective days and solid lines are the 5-days running median.
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Figure 2 | Flowchart showing the complete process from the creation of the ground truth (GT) to the creating of annual land type

400 classification maps. The maps were generated using Matlab v.2019b software. The boundary of the map was taken from the open-
source website https:/www.igismap.com/canada-shapefile-download-free-adminstrative-boundaries-provinces-and-territories/
(last accessed on 15 June 2020).

15



405

https://doi.org/10.5194/bg-2022-88
Preprint. Discussion started: 15 June 2022
(© Author(s) 2022. CC BY 4.0 License.

Percentage =—

Figure 3 | Time series plots of class accuracies for different land types. Representation of % area covered by snow (dashed red), S-
5p (dashed green), accuracy (in %) achieved for land types classification using proposed methodology using S-Sp CH4 (orange), and
S-5p CHa4 + SA data (blue) features (left y-axis) and surface albedo (right y-axis) value for each land type over the time period Jan
2018 — Dec 2019 (x-axis). The % area covered by snow is obtained using MODIS daily snow cover product (MOD10A1), the area
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Table 1 | Geometrical error metric and accuracies for the union of the area covered in aggregated maps of 2018, 2019 (confident
land types). The % A signifies the absolute change in the parameter value being identified in comparison to the original value of the
parameter in the GT. AArea signifies the change in the geometrical area. Producer and User accuracy on the GT made using Amani
et al. (2019) (2018/19)

Aggregated Maps (2018/19) | Identified region Yr. 2018/19 Yr.2018/19

Land types Area (1,000 km?) % AArea Producer User  Accuracy
Accuracy (%) (%)

MARSH 602.22 13.90/0.89 94.01/96.07 81.56/97.36
SWAMP 131.63 28.67/30.23 65.52/56.41 96.63/85.31
FOREST 544.98 9.02/12.23 87.02/86.37 96.16/100
GRASSLAND 354.01 2.99/9.67 90.23/89.17 87.44/100
CROPLAND 75.81 20.10/20.21 70.85/78.12 91.63/100
BARREN LAND 334.86 39.09/16.54 47.47/81.47 100/100

435
Table 2 | Confusion Matrix for 2018 and 2019. The x-axis describes the Predicted Class, and the y-axis describes the True Class.

BOG FEN MARSH SWAMP  FOREST  GRASSLA CROPLAN  BARREN
ND D LAND
2018
BOG 625 4 1656 158 928 22 9 115
FEN 5 1907 4833 458 4203 59 7 98
MARSH 18 64 63601 409 3700 2903 44 759
SWAMP 11 31 3707 9426 7915 102 28 164
FOREST 15 45 4705 446 62585 314 369 556
GRASSLA 2 4 3840 61 454 30272 510 2573
ND
CROPLAN 3 3 3129 64 780 378 6263 806
D
BARREN 5 11 6876 165 1575 3987 433 33134
LAND
2019
BOG 403 3 2282 92 917 81 30 21
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FEN 2
MARSH 10
SWAMP 10

FOREST 9

GRASSLA 1
ND

CROPLAN 1
D

BARREN 2
LAND

1820 5347 176 4364 136 38 48

59 69014 208 4266 2695 99 714
33 5033 8568 7853 82 70 70
38 5651 267 59373 437 353 341

3 4266 11 403 31057 455 2329
1 2479 14 999 497 6628 986
10 6158 47 1737 4010 436 34145

Table 3 | Geometrical error metric and accuracies for the union of the area covered in aggregated maps of 2018, 2019 (confident
land types). Jaccard represents the 2D similarity when maps are overlapped directly. AExtent change in extent, and AOrientation

change in orientation.

Aggregated
Maps (2018/19)
Land types
MARSH
SWAMP
FOREST
GRASSLAND
CROPLAND

BARREN
LAND

Present study

2018/19 Identified region  2018/19 Identified region  2018/19
Jaccard Orientation (°) % AOrientation Extent % AExtent
0.79/0.94 -11.61 1.89/0.04 0.104 2.61/1.20
0.68/0.54 -4.33 9.80/15.40 0.059 25.59/37.79
0.85/0.88 -9.9 5.91/0.045 0.119 10.92/11.76
0.82/0.90 -9.86 3.74/0.82 0.092 1.62/10.27
0.70/0.80 -15.5 4.87/8.68 0.027 10.29/22.86
0.51/0.83 -7.36 34.43/9.67 0.071 38.16/16.01
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