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Summary

The main goal of this feasibility study was to evaluate the potential of adding value to the
Sentinel-5P TROPOMI methane product over Norway and the Arctic through the synergistic use of
relevant observations from other Sentinel satellites and machine learning.

We first assessed the data availability of operational TROPOMI and the research-based, no-operational
WFMD XCH4 products over the Northern hemisphere, the Nordic countries and the Arctic/Northern
latitudes. Effects of quality control and bias correction of the operational data were analysed. Quality
flag and the bias correction corrects the XCH4 underestimation for low albedo values, and reduces the
overestimation for high albedo values over desert areas, and make the operational data more
comparable to the most recent WFMD XCH, product. For the Nordic countries and the boreal forest
region in Russia, the operational data are about 10-20 ppb lower than the WFMD XCH, values. A main
caveat of the operational ESA XCH, data is its poor coverage over Norway, and that there are no data
available over the ocean. Due to the low data coverage, the initially planned additional filtering to
generate improved seasonal CHs-maps did not seem useful to be performed within the STEPS projects.

We further investigated potential synergies between satellite products from different platforms to add
value to the operational TROPOMI CH,4 data products. A random forest (RF) machine learning (ML)
algorithm was implemented. As predictor variables, we used NDVI, land cover, elevation, daytime and
night-time land surface temperatures (LST), black- and white sky albedo and surface soil moisture data.
The results indicate that by the far the most important variable for predicting XCH4 in this case study
is the daytime LST, followed by night-time LST and white-sky albedo. NDVI, which has been exclusively
used for example by Zhang et al (2012) for gap-filling and downscaling XCHa4, ranks only in fourth
position in our case study. Our results indicate that the RF-model has a very good capability of filling
small gaps in the data with a prediction accuracy on the same order of magnitude as the difference
between the operational and WFMD products. It should be noted that ML-algorithms can typically only
predict well for conditions that they have been previously trained for. This has an implication on filling
gaps over mountainous areas in Norway since the operational TROPOMI XCH, product is typically not
retrieved over mountain areas.

The WFMD-data show better coverage, including data over the ocean, but these data are only available
until the end of 2020, and are not provided in near-real-time. Reprocessing of the operational data
was announced for 2022, and it is expected that the upcoming version will have better data coverage.
Nevertheless, it remains to be seen, which improvements will be made during the re-processing and
how this will affect availability and quality of the data over the Norwegian territory, Northern latitudes
and the Arctic. Meanwhile, seeing these two versions as complementary — as mini-ensemble, seem to
be the most reasonable approach for utilization of the Sentinel-5P XCH, data.
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SynergisTic Exploitation of the methane Product from
Sentinel-SP for applications in the Arctic (STEPS)

1 Introduction

The main goal of this feasibility study was to evaluate the potential of adding value to the Sentinel-5P
TROPOspheric Monitoring Instrument (TROPOMI) methane (CH4) product over Norway and the
Arctic through synergistic use of relevant observations from other Sentinel satellites and machine
learning. In more detail, the STEPS project aimed at:

. an assessment of the spatial and temporal patterns in data availability of the TROPOMI
CH4 product over regions of Norway and the Arctic, including an evaluation of possible
reasons,

. the generation of improved seasonal CHs maps by filtering questionable retrievals using
information from related Sentinel data,

o an investigation of products from other Sentinels to detect and quantify potential
correlations in spatiotemporal patterns with the TROPOMI CH4 product, and

o to assess further potential of the synergistic exploitation of the data by implementation

of a machine learning algorithm.

Methane emissions to the atmosphere are both anthropogenic (approximately 60%) and biogenic
(approximately 40%, Saunois et al., 2020). It is the second most important anthropogenic greenhouse
gas after carbon dioxide (CO,). Therefore, it plays an essential role in NILU’s scientific and operational
monitoring activities. On behalf of the Norwegian Environment Agency, NILU performs and reports
measurements of 40 greenhouse gases, including CO, and CH4, at Zeppelin (474 m a.s.l., 78°54'29" N,
11°52'53" E) and Birkenes (190 m a.s.l, 58°23'N, 8°15'E) (Myhre et al., 2021; Platt et al., 2018; Nisbet
et al., 2019). These observations contribute to the research infrastructure ICOS (Integrated Carbon
Observation System, Heiskanen et al., 2022). Figure 1 shows the long-term CH, observations made at
the two sites. A record increase was observed to reach 1968.7 ppb at Zeppelin and 1975.2 ppb at
Birkenes. At Zeppelin there are now 20 years of data, showing a trend of +6.4 ppb or 0.3% per year.
For Birkenes, the time series is shorter and the trend analysis, +8.4 ppb or 0.4% per year for the period
2009-2020, is less accurate. Growth rates for 2019-2020 were: + 15.7 ppb at Zeppelin and + 14 ppb at
Birkenes.
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Figure 1: The left panel shows observations of daily averaged methane mixing ratio for the period
2001-2020 at the Zeppelin Observatory. The black solid line is empirical fitted methane mixing ratio.
The right panel shows the daily mean observations for Birkenes (green dots). [equal to Figure 9 in
Myhre et al., (2021)]
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So far, methane distributions and flux estimates in Europe and Northern latitudes, were constrained
with surface observations only (Thompson et al., 2017, Groot Zwaaftink et al., 2018). The recently
started NFR-funded ReGAME project (Reliable global methane emissions estimates in a changing
world) project (2021-2025), which is coordinated by NILU, includes a task of updating the inversion
models to include TROPOMI CH, data fields and of assessing the effect this has on the resulting
methane fluxes.

To support NILU’s scientific and operational monitoring activities, the STEPS project was initiated. The
work was inspired by the early study of Zhang et al. (2012), who used ordinary kriging and ordinary
cokriging to interpolate and downscale atmospheric CHs column concentrations from the
SCIAMACHY/ENVISAT instrument using the normalized difference vegetation index (NDVI) from
MODIS from 50 km to 5 km spatial resolution. As TROPOMI measures methane total column-averaged
dry-air mole fraction (XCH,) at a resolution of 7.0 km to 5.5 km (since 6 August 2019), we find not much
need for additional downscaling, but the multi-sensor information can give us a much better
understanding of the CH,; abundance, emission sources and potentially data quality. A pre-deposit for
this is the TROPOMI XCH, data quantity and quality, which was studied in more detail in Task 1.

2 Task 1: TROPOMI CH,4 data availability in Norway and the Arctic

The goal of Task 1 was to lay the foundation for the STEPS project, by carrying out a literature review
and providing an assessment of the spatiotemporal availability of the TROPOMI operational CH,4 data
product for Norway and the Arctic. For this, the operational ESA TROPOMI/S5P Methane Level-2 Swath
7.0 km x 7.0 km (7.0 km to 5.5 km along track starting from 6 August 2019, orbit 9388) offline data
product was downloaded from the Copernicus S5P Open Access Hub (https://scihub.copernicus.eu/).
Data are from processor versions 01.02.02 — 02.03.01. For further analysis, the Level-2 data were re-
gridded to daily data files with 0.1° x 0.1° resolution using the HARP tools (https://stcorp.github.io
/harp/doc/html/index.html). Software for reading and plotting of various CH4 data (various products,
temporal, and spatial selections) was developed.

Satellite CH, data are generally given as methane total column-averaged dry-air mole fraction (XCH,),
which is the total atmospheric column between the surface and the top of the atmosphere normalized
to the corresponding dry air column. The operational ESA algorithm to generate XCH4, based on
TROPOMI measurements of sunlight backscattered by Earth’s surface and atmosphere in the
near-infrared (NIR) and shortwave-infrared (SWIR) spectral bands, was developed by SRON and is
described in Hu et al. (2016), Landgraf et al. (2019) and Hasenkamp et al. (2021). Hu et al. (2018)
showed the first global methane observations from TROPOMI. A revised and improved operational
product, showing less biases, is described by Lorente et al. (2021). A major caveat with the operational
XCH, product is its reported dependency on surface albedo (Schneising et al., 2019; Lorente et al.,
2021). An albedo climatology is used, which can deviate from the real albedo.

Besides XCH; (“methane_mixing_ratio”), the files also contain data corrected for the XCH4
dependence on surface albedo (“methane_mixing_ratio_bias_corrected”). More information on the
a-posteriori correction can be found in the Algorithm Theoretical Basis Document (ATBD) (Hasenkamp
et al, 2021), and in Lorente et al. (2021). In the initial operational version this correction was based on
the comparison of TROPOMI XCH,4 with GOSAT retrievals. After two years a new bias correction based
only on TROPOMI data was implemented. Small enough areas, assuming constant XCH,4, but large
albedo variations around the globe are selected. Subsequently a XCH,4 reference value for a surface
albedo around 0.2 is estimated, and the ratio of the retrieved XCH,4 to the reference value is obtained
to estimate the albedo dependence.



NILU report 14/2022

It is recommended to use TROPOMI CH4 bias corrected data associated with a quality assurance value
ga_value > 0.5 (Landgraf et al., 2021). Landgraf et al. (2021) define the criteria for qa_value = 0.4 as
following (note, ga_value = 0.5 is not given):

¢ Not confidentially clear sky (VIIRS, non-scattering retrieval as back-up)
e Solar zenith angle (SZA) > 70°

e Surface albedo (SWIR) < 0.02

e Aerosol optical thickness AOT (NIR) > 0.3

e CHganoise related error > 10

e Chisquared of fit y2> 100

e Terrain roughness > 80

To further cite Landgraf et al. (2021) “Filtering on gqa_value > 0.5 does not remove all pixels considered
bad. Some pixels with too low methane concentrations are still present.” As shown below, also some
areas with too high methane concentrations are not filtered out properly yet.

The data quality criteria severely affect the data coverage, particularly over Norway (where the terrain
roughness criteria leads to removal of data in the mountain regions), thus additional filtering, which
was initially planned as a measure to improve data quality, did not seem suitable within the STEPS
project.

To better understand the operational XCH, data quantity and quality, it was found important to
compare the operational ESA data to an alternative scientific methane retrieval. This retrieval is
described in Schneising et al (2019) who used Weighting Function Modified DOAS (WFMD) to
simultaneously retrieve column-averaged dry air mole fractions of atmospheric CH4 and CO from the
shortwave-infrared (SWIR) nadir spectra of TROPOMI (Product ID: CH4_S5P_WFMD). The data were
produced at the Institute of Environmental Physics at the University of Bremen in the framework of
the ESA GHG-CCI+ project. The data set, covering November 2017 to December 2020 was download
from http://www.iup.uni-bremen.de/carbon_ghg/products/tropomi_wfmd. We used data from the
baseline version v1.2 and the recent released product version v1.5. The changes made between the
two versions are described in the ATBD (see Schneising, 2021). They encompass processing- as well as
post-processing steps, such as, e.g., the resolution of the surface elevation and additional surface
roughness information, an extension of the training data set for the random forest classifier, additional
features, and a quality filter.

In the following we show a number of exemplary comparisons of the operational ESA and the WFMD
XCH, datasets. As a reference month we use June 2020, where data occurrence is high compared to
the winter months (when no or little sunlight is available due to low sun angle and clouds are frequent).
See also the feasibility study, which was prepared in 2021 for the Norwegian Environment Agency
(Kylling et al., 2021). Monthly averaged, bias corrected, quality flagged XCH4 data from the operational,
as well from the WFMD retrieval version 1.5 for the entire time between 2018 and 2020 for the
Northern latitudes and the Arctic are shown in Appendix A and Appendix B, respectively.

2.1 TROPOMI XCH,4 data for the Northern hemisphere

Figure 2 shows examples of monthly averaged HARP re-gridded operational XCH,4 for the northern
hemisphere for June 2020. We show data without quality flag applied, data with recommended quality
flag (ga_value > 0.5), and quality flagged data, which have been bias corrected. For the WFMD
retrieval, methane concentrations are shown in Figure 5, both for version 1.2 and version 1.5.
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The operational ESA product has no data over the ocean, these are excluded due to low signal over
the sea. A strong gradient in XCH4 can be seen from the equator northwards, in particular between the
boreal forest region in latitudes above 50°N and the African Saharan region (Figure 2, upper panel).
This may be caused by albedo assumptions made for the operational retrieval. This gradient is less
pronounced once the quality filter is applied (Figure 2, middle panel). As described by Hasenkamp et
al. (2021), the bias correction corrects the XCHs overestimation for high albedo values over desert areas
like Sahara, and the XCH4 underestimation for low albedo values (e.g. over Northern latitudes). Lorente
et al. (2021) found a low bias of 39.4 ppb for the non-bias corrected data, when compared to Total
Carbon Column Observing Network (TCCON) measurements. According to Hasenkamp et al. (2021),
the correction is in the range of 2 %. The effect can be clearly seen when comparing the middle and
lower panels in Figure 2.
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Figure 2: Monthly averaged ESA operational XCH, data. Upper panel: Methane mixing ratio
without quality-filter; middle panel: XCH, with quality flag set to > 0.5, lower panel: bias
corrected methane mixing ratio with quality flag > 0.5. All plots show mean values for
June 2020.



NILU report 14/2022

To illustrate the differences between the non-quality controlled, quality controlled, and additionally
bias corrected data, in Figure 3 differences between the non-quality controlled and the quality
controlled data (upper panel), as well as the quality controlled bias corrected and the quality controlled
non-bias corrected data (lower panel) are shown. The effect of the selections criteria is clearly seen:
approximately + 10 ppb - 15 ppb changes in the monthly averaged XCH,4 data due to quality flagging,
and circa + 20 - 30 ppb change due to bias correction. Regionally, both corrections go in the same
directions: quality flag and the bias correction corrects the XCH, underestimation for low albedo
values, and reduces the overestimation for high albedo values over desert areas.

In Figure 4, the data coverage for XCH, is illustrated for the non-quality (upper panel) and quality
flagged data (lower panel). It shows the reduction of the data coverage due to quality flagging, in
particular in high-albedo regions, e.g., the Sahara, middle-East, but also in middle/western US, Siberia,
and parts of Greenland. See Chapter 2.2 and Chapter2.3 for more details in the Nordic countries and
the Arctic.
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Figure 3: Differences between monthly averaged operational XCH, data, illustrated for the
dataset for June 2020. Upper panel: differences between data with (qa_value > 0.5) and
without quality control flag applied; lower panel: differences between bias corrected
and non-bias corrected data (both with qa_value > 0.5).
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Figure 4: Data coverage in June 2020. Upper panel: Percentage of days with XCH, data pixels for
non-quality controlled values; lower panel: analogue for quality controlled (qa_value >
0.5) XCH,data.

Analogue to the above analysis, in Figure 5 we show the two version, 1.2 and 1.5, of the monthly mean
WFMD XCHg retrieval for June 2020. Most striking, in comparison to the operational product, is that
also some data over the ocean and mountain areas are provided. The amount of satellite XCH4 pixel
provided increased from version 1.2 to version 1.5. The differences between the two versions is shown
in Figure 6. The monthly mean for June 2020 increases in northern latitude, Arctic, as well as in the
Sahara, while in the US, Atlantic ocean 20°N - 40°N and central Asia shows lower values in version 1.5
compared to version 1.2. Figure 7 shows the data coverage for the two version for June 2020. Highest
values are seen in the US, particular at the west-coast, middle East and south-west Asia. This is a
combination of valid retrieval, particularly in high-albedo regions, and clear sky conditions. Data
coverage in these areas stays high in version 1.5, and additional regions, which did not have coverage
in version 1.2, were filled with data in the most recent data version.

10
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Northern_hemisphere monthly mean: 2020 - 06 (cci v1.2)
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Figure 5:  Monthly mean WFMD XCH, data for June 2020. Upper panel: XCH, data version 1.2;
lower panel: XCH, data version 1.5.
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Figure 6: Difference between WFMD XCH, data for June 2020 version 1.5 and version 1.2
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Figure 7: Data coverage in June 2020. Upper panel: Percentage of days with WFMD XCH, data
pixels for version 1.2; lower panel: analogue for version 1.5

2.2 TROPOMI XCH4 data for the Nordic countries

We are now zooming in to see the differences of the various data versions with respect to the Nordic
countries in more detail. Figure 8 shows the monthly mean XCH, values for the ESA operational
retrieval (upper panels) as well as the WFMD XCH, retrieval (lower panels). Again, the same sub-
categories are shown: the non-quality controlled data, the data applied a quality-flag of 0.5, and the
quality-flagged and bias corrected data, as well as the two versions of the ESA-CCI+ data. As data with
low values seem to be filtered out by applying the quality filter, the monthly mean increase as an effect
of the quality restriction, and an additional increase is caused by the bias-correction. These two
operations make the operational XCH, data more comparable to the WFMD XCH, data.

The operational ESA XCH4 product has poor coverage over Norway. This is because data collected in
mountain areas or areas with large height differences within a pixel are filtered out in the analysis
chain. This is a main caveat with respect to usability of the ESA operational data for Norway. The WFMD
data show better coverage, also over the ocean, but these data are only available until the end of 2020,
and are not provided in near-real-time.

Analogue to Figure 3 and Figure 6, in Figure 9 the differences between the non-quality controlled and
the quality controlled data (left panel), the quality controlled bias corrected and the quality controlled
non-bias corrected data (middle panel), and the difference between the two ESA CCl+ versions (right
panel) are shown. The slight increase of the monthly mean XCH, due to filtering out lower values during
quality control, and the stronger increase due to bias correction is evident. Monthly mean WFMD XCH,4
version 1.5 data are somewhat higher over land compared to the XCH4version 1.2 data. Over the ocean
positive and negative adjustments are visible.

12
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Figure 8: Examples of monthly averaged operational XCH, data for the Nordic countries. Upper
panels: Operational ESA methane mixing ratio for June 2020. Upper left: without
quality-filter; upper middle panel: with quality flag set to > 0.5, upper right panel: bias
corrected quality controlled data. Lower panel: WFMD XCH, data for the same months.
Lower left panel: data version 1.2; lower right panel: data version 1.5.
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Figure 9: Differences between monthly averaged ESA operational and WFMD XCH, data,
illustrated for the dataset for June 2020. Left panel: differences between ESA data with
(qa_value > 0.5) and without quality control; middle panel: difference between bias
corrected and non-bias corrected ESA XCH, data (both with ga_value > 0.5).Right panel:
differences between WFMD XCH, data version 1.5 and version 1.2
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With respect to data coverage, below we show results from an initial study for Norway. The coverage
of the non-quality filtered operational data was analyzed for the counties in Norway (as defined in
2018). Results are show in Figure 10 and are summarized in Table 1. Table 1 shows the number of days
per year when the coverage (C) for each county is larger than 10, 25, 50 and 75%. The coverage is poor
for counties with large mountain ranges and fiords, that is “Sogn og Fjordane”, “Mgre og Romsdal”,
“Hordaland” and “Nordland”. Furthermore, the strong North-South gradient is evident, with
reasonably good data coverage only in the southernmost counties “Akershus”, “@stfold”, “Oslo” and
“Vestfold”. Due to the yearly cycle of the solar zenith angle, there are specific times of the year where
there are no data available above specific latitudes (e.g., latitudes above 50°- 60° in the Northern
hemisphere winter.

10¢

8(

60

40

Coverage (%)

20

Akershus - Finnmark - Mgre og Romsdal - Oppland Sogn og Fjordane - Troms
@stfold - Hedmark ~ Nordland - Oslo SerTrendelag - Vest-Agder

Buskerud - Hordaland « Nord-Trendelag Rogaland - Telemark Vestfold

Figure 10: Data coverage in the various counties of Norway (as defined in 2018).

Table 1:

Number of days per year when the data coverage (C) for each county is larger than 10, 25,
50 and 75%.

County C>10% | C>25% | C>50% | C>75%
Akershus 91.0 71.0 53.0 29.0
Pstfold 102.5 81.5 58.5 39.5
Buskerud 72.0 38.0 6.5 0.5
Finnmark 82.0 50.5 18.5 4.5
Hedmark 79.5 45.5 19.0 5.0
Hordaland 37.0 6.0 0 0
Mgre og Romsdal 35 0 0 0
Nordland 9.0 0 0 0
Nord-Trgndelag 59.0 39.5 17.5 3.0
Oppland 55.0 22.0 0.5 0
Oslo 76.0 66.0 50.0 36.0
Rogaland 62.5 35.5 0.5 0
Sogn og Fjordane 0 0 0 0
Sgr-Trgndelag 72.5 41.5 17.5 2.5
Telemark 81.5 40.5 11.0 0.5
Troms 26.5 3.5 0 0
Vest-Agder 95.5 68.5 42.5 15.5
Vestfold 91.0 78.5 57.0 38.5
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Furthermore, the coverage of the various version is visualized in Figure 11. As pointed out earlier, data
coverage is a combination of retrieval specifics and cloud cover. The upper panel shows the non-quality
controlled and quality controlled operational data, the lower panel the two version of the WFMD XCH,4
data. Effect of the application of the quality flag can be seen, with loss of most data over large areas
of Norway, and the reduction from around 40-60% to 10-20% coverage over Sweden. The coverage of
the WFMD data is in many regions somewhat higher (around 20-30%), and in particular the availability
of data over the Norwegian and the Baltic seas are striking.

Nordic_countries 2020 - 06 (ga_00) Nerdic_countries 2020 - 06 (qa_50)

704

Nordic_countries 2020 - 06 (cei v1.2)
v

Ta— '_11“ 3 "
. 8 . NIw]
| 100
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Figure 11: Data coverage in June 2020. Upper left panel: Percentage of days with XCH, data pixels
for non-quality controlled values; upper right panel: analogue for quality controlled
(qa_value > 0.5) XCH,data. Lower left panel: Percentage of days with WFMD XCH, data
pixels for version 1.2; Lower right panel: analogue version 1.5.

2.3 TROPOMI XCH4 data in the Arctic and Northern latitudes

Analogue to the Figures shown above for the Nordic countries, Figure 12, Figure 13, and Figure 14
show the XCH,4 products (various versions), the difference between them, and the data coverage. In
addition to the observations described above, it can be seen that the bias-corrected, quality-controlled
operational XCHs observations are somewhat lower than the WFMD XCH,in Scandinavia and Northern
Russia, while for certain areas, for example the interior of the Greenland ice sheet, the WFMD XCH,4
data are generally lower than the operational XCH, data product. Some biases still remain after quality
control of the operational data, like the streak of high XCHsaround 70°N and 100°E. Generally, elevated
XCH,4 concentrations seen in the operational product for the late summer months in the Russian
Taymyrsky Dolgano-Nenetsky District and the land masses between the Baffin sea and the Beaufort
sea, are not real, but caused by elevated surface albedo which is not accounted for by the operational
retrieval algorithm.

The cause for anomalies seen at the coastline of Greenland was recently explained by Hachmeister et

al. (2022). They interpret the anomalies (100 ppb and above) caused by inaccuracies in the assumed
surface elevation. This feature can be seen in the operational as well as in the WFMD XCH, data, but is
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most pronounced in the operational data. These low and high methane concentration at the Greenland
shoreline can be seen in the upper panels of Figure 12.
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Figure 12: Monthly mean XCH4for June 2020. Upper left: ESA XCH4 without quality control, upper
middle: ESA XCH,with ga_value > 0.5; upper right: XCH,qa_value > 0.5 and bias
corrected. Lower left panel: WFMD XCHgversion 1.2; lower right panel: WFMD XCH,
version 1.5.
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Figure 13: Differences between monthly averaged ESA operational and ESA CClI XCH, data,
illustrated for the dataset for June 2020. Left panel: differences between ESA data with
(qa_value > 0.5) and without quality control; middle panel: difference between bias
corrected and non-bias corrected ESA XCH, data (both with gqa_value > 0.5).Right panel:
differences between WFMD XCH, data version 1.5 and version 1.2
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Arctic 2020 - 06 (ga_00) Arctic 2020 - 06 (qa_50)

Figure 14: Data coverage in June 2020. Upper left panel: Percentage of days with XCH, data pixels
for non-quality controlled values; upper right panel: analogue for quality controlled
(qa_value > 0.5) XCH,data. Lower left panel: Percentage of days with WFMD XCH, data
pixels for version 1.2; Lower right panel: analogue version 1.5.

2.4 Comparison of TROPOMI operational XCHsand WFMD XCH,4 data and timeseries for
selected regions

Differences between the best operational XCH, data (bias corrected, quality controlled) and the most
recent WFMD XCH,4 data (version 1.5) are shown in Figure 15. The upper panel shows the global
overview. In addition the subsets for the Nordic countries and the Northern latitudes are shown in the
lower panels.

In Norway and the Nordic boreal forest regions above 50°N, as well as some parts of the Sahara, the
operational data is lower than the WFMD XCH, data. A large positive deviation is seen over the high-
albedo central Greenland. In mid-latitudes, large parts of southern America, Africa and Australia the
operational data is higher than the WFMD XCH, data. Histogram and correlation plots for data covering
the three regional subsets is shown in Figure 16. The histograms show quality controlled, non- and bias
corrected operational XCH; data as well as the WFMD XCH,4 data version 1.5. For the latter, the
histograms for all WFMD XCH, data, as well data co-located with the operational XCH, grid cells are
shown. The bias correction of the operational XCH, shifts the mean of the data by approximately +20
ppb, which results in values closer to the one of the WFMD XCH,4 data. While the correlation between
both data sets is reasonable on a global scale, larger deviations can be seen for specific regions. For
the Nordic countries the offset between the operational and the scientific values are in the order of
10-20 ppb. This is in agreement with values reported by Lorente et al., (2021). Validation of the
operational XCH4 data with TCOON observations at Sodankyla (Finland) (67.37°N, 26.63°E) showed a
low bias of - 39.4% (-2.1% ) for un-corrected and -10.9 ppb (-0.6 %) for bias-corrected values.
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At this stage, seeing the two retrievals as complementary seems to be the most reasonable approach
for utilization of the Sentinel-5P XCH, data.
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Figure 15: Differences between the bias corrected, quality controlled operational XCH, and the

WFMD XCH, data version 1.5, seen globally (upper panel), in the Nordic countries [54° N
< latitude < 72° N, 3°E < longitude < 29°-E] (lower left panel) and the Arctic/Northern
latitudes [> 50°N] (lower right panel).
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Figure 16: Histogram and correlation plots for the bias corrected, quality controlled operational
XCH; and the WFMD XCH, data version 1.5. Upper panel: global data, middle panel:
data for Arctic/Northern latitudes [> 50°N], lower panel: data for the Nordic countries
[54° N < latitude < 72° N, 3°E < longitude < 29°-E]. Non- and bias-corrected data
operational data are shown as dashed and full blue lines in the histogram; WFMD are
shown as dotted green line, WFMD data co-located with operational XCH, grid-cells are
shown as full green line. The correlation plot shows the comparison of the quality
controlled bias corrected operation XCH,data and the WFMD xCH, data.

Furthermore, we show time series for monthly mean XCH, values around the two ICOS sites in Norway,
i.e., the Birkenes observatory (58.4°N, 8.3°E) in Agder, the Zeppelin station (78.9°N, 11.9°E). In
addition, we derive XCH,for the region around Kautokeino (69°N, 23°E) in Finnmark county. The latter
was chosen as around this site, the operational TROPOMI data coverage is comparably high. We use
data from regions around the sites, such as outlined in Figure 17. For the calculations, operational bias
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corrected XCH, offline data with ga_flag > 0.5 are used, except for May to November 2018, when
reprocessed (REPR) data were utilized. The WFMD XCH, data were from version 1.5.

(

Figure 17: Selected regions used for the calculation of monthly mean XCH,.

The estimated time series are visualized in Figure 18. Despite the large scatter and spread of the data,
which will have to be investigated in more detail, two clear features stand out. XCH, is lower in the
summer months, which is to be expected. The seasonality of CH. at Zeppelin and Birkenes is clearly
seenin Figure 1. The CH, depends on the seasonality of the production sources (e.g. wetlands, biomass
burning) and anthropogenic emissions (oil and gas installation), frequently observable outflow from
Sibiria (e.g., Platt et al., 2018, Myhre et al., 2021). Furthermore, the satellite XCH, data are increasing
at a rate of about 10 ppb per year. This is consistent with our methane observations both at Zeppelin
and Birkenes (see Figure 1), as well as observations at other sites, and in the global mean (WMO, 2020).
While an increase seems reasonable, more in-depth studies are needed once the reprocessed
operational data will be made available by ESA.
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Figure 18: Monthly mean XCH, for selected sites in Norway in 2019 and 2020.
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3 Task 2: Synergistic data

Task two had the primary goal of investigating and exploiting potential synergies between Sentinel
products from different platforms to add value to the operational TROPOMI CH, data products.

3.1 Selection, acquisition, and processing of datasets

As a study period we selected the three-month period from 1 June 2020 through 30 August 2020.
While the primary focus of the study is on the use of the TROPOMI XCH,4 product over Norwegian
territory, the various datasets were initially acquired at a global scale to have the widest range of
possible values for exploring relationships and fitting a statistical model.

Instead of downloading the individual datasets and subsequently processing/averaging them locally,
all datasets were first processed to the desired averaging period on Google Earth Engine and then
exported. All datasets were exported at 5 km spatial resolution in Plate Carree projection on WGS1984
datum (EPSG:32662). This target spatial resolution was chosen as the approximate highest resolution
provided by the TROPOMI CH,4 product at nadir. Nearly all of the predictor variables are in principle
also available at significantly higher spatial resolutions (up to 90 m), so if a good statistical model
between CH. and the predictor variable can be fitted, one could in principle consider downscaling the
CH4 product to a somewhat finer spatial resolution, however this was outside of the scope of this study
so we focused our analysis on the 5 km spatial resolution available from the original TROPOMI CH4
product.

Using Google Earth Engine for this task resulted in significant time savings given the relatively large
number of quite different satellite products that would have otherwise to be manually acquired,
imported, and processed. In addition, the entire processing of all variables can now be very easily
repeated for entirely other study periods or spatial resolutions in a very short amount of time (< 1
hour). One drawback of the described approach is that it is limited to the datasets currently available
within Google Earth Engine. Other potential proxy variables would have to be manually acquired and
processed in the traditional fashion.

3.2 TROPOMI Methane data

The operational offline methane product from S5P/TROPOMI was selected as the baseline product.
Only non-bias corrected XCH, data were available on Google Earth Engine. Figure 19 shows a global
map of the 3-month average methane mixing ratio for the study period. Only retrievals with a ga_value
> 0.5 have been used for assembling the period average.
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Figure 19: Global map of XCH, from the operational TROPOMI product for the period 2020-06-01
through 2020-08-30.

3.3 Candidate predictor variables

As a first potential proxy variable we selected the Normalized Difference Vegetation Index (NDVI) since
it has been successfully used for very similar purposes in the past (Zhang et al. 2012) (Figure 20). Land
cover was obtained from the Copernicus Global Land Service (CGLS) Dynamic Land Cover map at 100
m resolution (CGLS-LC100) (Figure 21). In contrast to many other non-dynamic land cover products,
this dataset is representative specifically for the study period of July through August 2020. As an
elevation dataset, the MERIT DEM was used, which is an error corrected produce based on several
baseline DEMs (NASA SRTM3 DEM, JAXA AW3D DEM, Viewfinder Panoramas DEM) (Figure 22). In
addition, Land Surface Temperature from the MODIS MOD11 product was used, both for daytime and
night-time data and from both Terra and Aqua (Figure 23 and Figure 24). Black- and white-sky albedo
in the shortwave infrared region (where the XCH, retrieval is primarily carried out) was derived from
the MCD43A3 product, averaged for the entire study period (Figure 25 and Figure 26). Surface soil
moisture data for the study period, were derived from the NASA-USDA Enhanced SMAP Global soil
moisture dataset (Figure 27).
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Figure 20: Global map of average NDVI (unitless) for the study period, derived from the MODIS
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Figure 21: Global land cover dataset for the study period derived from the CGLS-LC100 of the

Copernicus Global Land Service. Note that several classes are aggregated with each
other in this visualization for technical reasons — the underlying dataset provides 23
classes.
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Figure 22: Global elevation data (in meters) from the MERIT DEM (error-corrected global DEM
using the NASA SRTM3 DEM, JAXA AW3D DEM, and Viewfinder Panoramas DEM as a
baseline).

B60°N

30°N

LST Daytime

-60
-40
608 220
0

20
40
60

150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E

Figure 23: Average Daytime Land Surface Temperature (in degrees Celsius) for the study period,
derived from the MODIS MOD11 product.
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Figure 24: Average Nighttime Land Surface Temperature (in degrees Celsius) for the study period,
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derived from the MODIS MOD11 product.
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Figure 25: Average Black Sky Albedo (unitless) in the SWIR range for the study period, derived from

the MODIS MCD43A3 product.
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Figure 26: Average White Sky Albedo (unitless) in the SWIR range for the study period, derived
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from the MODIS MCD43A3 product.
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Figure 27: Surface soil moisture data (in units of mm) for the study period, derived from the NASA-

USDA Enhanced SMAP Global soil moisture dataset.
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4 Task 3: Statistical analysis and Machine learning

In Task 3 an initial analysis and a quantification of the spatiotemporal correlations was performed
between the candidate synergy products identified in Task 2 using classical statistical techniques.
Subsequently, the potential of machine learning was investigated as an alternative to further utilize
the synergies between TROPOMI (CH; and other Sentinel datasets), which were identified and
processed in Task 2. In the following we show an example of the correlation analysis.

The various candidate proxy variables were plotted against the XCH, data from the operational
TROPOMI product. Figure 28 shows the results. NDVI shows a weak negative correlation with XCH, at
the global scale. Elevation does not appear to show a relationship with XCH,. Daytime LST has a
moderately strong positive correlation with XCHa, with nighttime LST displaying an overall similar
behavior with slightly more scatter. Black-sky and white-sky SWIR albedo show a nearly identical
pattern, where their relationship with XCH; shows a positive correlation between ca 0.1 and 0.3.
Finally, surface soil moisture does not exhibit an obvious relationship with XCH, except for very low
values, and the dataset further had significant spatial gaps over desert regions, which is why it was not
further considered for the modelling step.

4.1 Methods

As a study period we used data between 2020-06-01 through 2020-08-30. The operational offline
methane product from S5P/TROPOMI was selected as the baseline product. Figure 19 shows a global
map of the 3-month average methane mixing ratio for the study period. Only retrievals with a ga_value
> 0.5 have been used for assembling the period average. As predictor variables we used the variables
described above, namely NDVI, elevation, daytime LST, night-time LST, and SWIR white-sky and black-
sky albedo (see Figure 20 through Figure 26). The land cover predictor was initially included in the
model but was found to be unsuitable due to its categorical nature, which caused both unnatural
spatial artefacts in the prediction map as well as lowered the prediction accuracy substantially. Surface
soil moisture was evaluated as well but since it included no data over desert areas, which would in turn
allow no XCH, prediction in these areas, and since its predictor importance estimated by the RF model
was very low, it was excluded from further analysis.

The model training was carried out at the global scale in order to provide as much information to the
ML algorithm as possible and to ensure that the potential value range for each variable is covered. All
global datasets were aggregated to 25 km spatial resolution for reducing the computational expense
required for the model training. In addition, artificial gaps where introduced in the training dataset to
hold back observed TROPOMI data for testing against the prediction and to thus allow an unbiased
validation and to evaluate the model independent of any overfitting issues. A Random Forest (RF)
model was subsequently trained based on the training dataset with artificial gaps using the “ranger”
package from the R programming environment (Wright and Ziegler 2017).

27



NILU report 14/2022

XCH4 [ppb]
XGH4 [ppb]
p——]
XGH4 [ppb]

25 % ot 20 E . i
NDVI [unitiess] Elevation [m] Daytime LST [C]

XCH4 [ppb)
XCH4 [ppb]
XCH4 [ppb]

XCHA [ppb]

o !
Surtace Soil Moisture [mm]

Figure 28: Scatterplots showing the relationships between the various candidate proxy variables
and TROPOMI XCH,. For clarity, individual data points are not shown but they are
aggregated into bins, where the colour indicates the number of data pairs falling into
each bin (note the logarithmic colour scale). The blue line indicates a Loess fit to the
data. Note that the land cover dataset was not plotted here since it has discrete classes
rather than continuous numerical values such as the rest of the candidate proxy
variables.

4.2 Results

Using the trained RF model we can predict the XCH, level at any location where we have information
from all predictor variables, i.e. we are able to fill gaps in the original TROPOMI-measured XCH,4
dataset. In Figure 29 it is illustrated how this looks in practice. The model is able to fill both small and
large spatial gaps in the data and the prediction provide overall realistic spatial patterns. One exception
is the center of the Greenland ice sheet where the predictions appear significantly too low compared
to the measured values, and this is likely a result of extreme values in the predictor variables over this
large glaciated surface.
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Figure 30 shows the importance of the predictor variables as estimated by the RF algorithm. The results
indicate that by the far the most important variable for predicting XCH, in this case study is the daytime
LST. With quite some distance this is followed by night-time LST and white-sky albedo. NDVI, which
has been exclusively used for example by Zhang et al (2012) for gap-filling and downscaling XCH4, ranks
only in fourth position in our case study. Black-sky albedo and elevation have the lowest importance
scores. The latter is not too surprising given that the TROPOMI XCH, retrieval is not carried out over
mountainous terrain, so range of elevation over which XCHs is actually retrieved is relatively low.

The RF model derived at the global scale can be readily applied for regional studies at higher spatial
resolution. This is shown in Figure 31, where the global model was used to predict XCH,4 over the entire
area of Norway. In principle the spatial patterns shown here look reasonably realistic, however given
the lack of training data in mountainous areas, the XCH, predictions by the RF model for large parts of
Norway must be treated with substantial caution.

Original CH4 from TROPOMI

150w 120W 90w W 0°W ) WE 6OE 90E 120 150°E

Figure 29: Original average XCH, from TROPOMI for the period 2020-06-01 through 2020-08-30
(top panel) and gap-filled XCH4 dataset for the same period, predicted using an RF
model with the predictor variables NDVI, elevation, daytime LST, nighttime LST, black-
sky SWIR albedo, and white-sky SWIR albedo.
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Figure 30: Variable importance of the trained global RF model.
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Figure 31: Original S5P/TROPOMI XCH, retrievals over Norway (left panel) and RF-modeled XCH,
(right panel). This analysis applies the RF model derived at the global scale (25 km
aggregated data) at a spatial resolution of 5 km.
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The overall prediction accuracy of the RF model was estimated by introducing artificial “gaps” in the
datasets (see Figure 32). This allows for a direct comparison between predicted XCH, value by the RF
model and TROPOMI-observed XCH4 value (where the latter was not part of the training dataset). Such
a direct validation of the prediction accuracy can be found in Figure 33, which shows a scatterplot of
the RF-predicted values in the artificial gaps plotted against the original true SSP/TROPOMI retrievals
in those gaps, which were not used for training the model.

Original CH4 from TROPOMI

o

B

Figure 32: Same as Figure 29, but with artificially introduced "gaps" introduced in the original XCH,4
dataset from TROPOMI, which can be used to quantify the prediction accuracy of the RF
model.
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Figure 33: Scatterplot of RF-predicted XCH, values against "true" observed XCH,4 values as
measured by S5P/TROPOMI. In order to avoid overplotting the individual data points
were binned where the colour of each bin indicates the number of data points in it (note
the logarithmic colour scale).

Table 2:  Summary statistics of the data shown in Figure 33.

Metric Value
Mean error [ppb] 0.53
Standard Deviation [ppb] 13.16
Mean Absolute Error [ppb] 8.88
Root Mean Squared Error [ppb] 13.17
Regression: Intercept [ppb] 81.80
Regression: Slope [unitless] 0.96
R? [unitless] 0.84

In addition to Figure 33, the modelling accuracy can further be evaluated with the metrics given in
Table 2. It shows that the Root Mean Squared Error (RMSE) as a metric that is generally easily
interpretable and combines both systematic and random error has a value of 13.2 ppb. Furthermore,
the Table indicates a slope of the data very close to unity (0.96). Overall, these results indicate that the
RF-model has a very good capability of filling small gaps in the data. With an R? value of 0.84 the model
is able to explain 84% of the total variance.

It should be noted, however, that these validation results can only provide information about the
modelling accuracy in areas that match the general XCH4- and predictor-characteristics of those
regions where actual S5P/TROPOMI retrievals are available. While the results look overall promising,
it should be noted that ML algorithms can typically only predict well for conditions that they have been
previously trained for. This has an implication on filling gaps over mountainous areas since the
operational TROPOMI XCH4 product is typically not retrieved over mountain areas. As such, for these
regions the RF model implicitly extrapolates functional relationships with the predictor variables from
other regions where data is available. This can result in erroneous estimates over such areas, which
are difficult to assess given the lack of other observational data. One possibility to overcome this issue
would be to exploit the better coverage over mountain areas of the WFMD XCH. product, however
such a comparison has to be carried out with caution since the actual retrieval algorithms are quite
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different, and the two products are subject to significant systematic differences and random error. As
such, in a comparison along these lines it would be challenging to disentangle the actual RF model
error from inter-product differences.

5 Summary and conclusions

The main goal of this feasibility study was to evaluate the possibility of adding value to the Sentinel-5P
TROPOMI methane product over Norway and the Arctic through synergistic use of relevant
observations from other Sentinel satellites and machine learning. For this, we first assessed the data
availability of operational TROPOMI and the WFMD XCH, products (version 1.2 and 1.5) over the
northern hemisphere, the Nordic countries and the Arctic/Northern latitudes. Effects of quality control
and bias correction of the operational data were analysed. The bias correction corrects the XCH4
underestimation for low albedo values, and reduces the overestimation for high albedo values over
desert areas. It thus makes the operational data more comparable to the most recent WFMD XCH,4
product. For the Nordic countries and the boreal forest region in Russia, the operational data are about
10-20 ppb lower than the scientific XCH4 values. A main caveat of the operational ESA XCH, data is its
poor coverage over Norway, and that there are no data available over the ocean. Due to the low data
coverage, the initially planned additional filtering to generate improved seasonal CHs-maps did not
seem useful to be performed within the STEPS projects. Time series for selected regions around
Birkenes, Karasjok, and Svalbard show seasonal variations, with lower values in summer, and a general
increase throughout the four-year period. This is consistent with the strong increase seen in the CHa-
levels in our observations both at Zeppelin and Birkenes as well as observations at other sites, and in
the global mean (WMO, 2020).

We further investigated potential synergies between satellite products from other platforms to add
value to the operational TROPOMI CH, data products. Various candidate predictor variables from other
satellite instruments were acquired and the relationship of this data with the operational XCH,4 product
was evaluated. Subsequently, a random forest machine learning algorithm was trained and applied in
order to estimate, solely using the predictor variables, XCH4 values in areas were no TROPOMI data is
available. As predictor variables we used NDVI, land cover, elevation, daytime- and night-time land
surface temperatures, black- and white sky albedo and surface soil moisture data. The results indicate
that by the far the most important variable for predicting XCH, in this case study is daytime LST,
followed by night-time LST and white-sky albedo. NDVI, which has been exclusively used for example
by Zhang et al (2012) for gap-filling and downscaling XCHa, ranks only in fourth position in our case
study. Our results indicate that the RF-model has a very good capability of filling small gaps in the data.
The model is able to predict XCH, with an R? value of 0.84 and an RMSE/standard deviation of 13 ppb.
For reference, the latter is about the same (summer) or significantly lower (winter) than the standard
deviation between the operational and WFMD XCH4 products (Schneising et al. 2019). It should be
noted, however, that ML algorithms can typically only predict well for conditions that they have been
previously trained for. This has implications on filling gaps over mountainous areas in Norway since
the operational TROPOMI XCH4 product is typically not retrieved over mountain areas. Due to the lack
of directly comparable reference data, the accuracy of the machine learning model could not be
guantitatively evaluated over such regions. However, a qualitative comparison with the WFMD
product indicates that the predicted values over Norway are likely biased high and show some
unrealistic spatial patterns. We recommend restricting the use of ML-based gap filling to areas for
which satellite retrievals are generally carried out so that sufficient training information is available.

The WFMD XCH, data shows better coverage than the operational data, including data over the ocean,
but these data are only available until the end of 2020, and are not provided in near-real-time.
Reprocessing of the operational data was announced for 2022, and it is expected that the upcoming
version will have better data coverage. Nevertheless, it remains to be seen which improvements will
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be made during the re-processing and how this will affect availability and quality of the data over the
Norwegian territory, Northern latitudes and the Arctic. Meanwhile seeing these two versions as
complementary — as mini-ensemble, seems to be the most reasonable approach for utilization of the
Sentinel-5P XCH,4 data.

To support NILU’s monitoring activities, follow up investigations of the methane data in the Northern
latitudes (> 50°N) seem highly valuable. This will allow us to better understand the anthropogenic and
natural source regions, and their potential influence on the observations at the Zeppelin and Birkenes
monitoring stations. Particularly interesting seems to be using TROPOM I data to estimate the methane
emissions e.g. in Russia, which regularly affect the Zeppelin-observations, for example, applying the
divergence method recently published by Liu at el. (2021), which they applied to derive annual CHa-
emission over the Permian Basin in the USA. The fluxes derived solely from satellite may then be
compared to those obtained from a full inversion made within the ReGAME project. With regard to
machine learning, the initial results from this study appear very promising and further work could
evaluate more advanced algorithms such as XGBoost and possibly the use of additional predictor
variables with regard to their potential to increase the prediction accuracy. Additional work on
validating the output from the ML-model is further recommended. Besides continuing work with
Sentinel-5P, the use of satellites with higher spacial resolution seems a valuable step forwards to
quantify large point sources in the North, which influence our measurements. Methane retrieval from
non-commercial freely available data, like Sentinel-2 (Varon et al., 2021), PRISMA (Guanter et al.,
2021), the upcoming MethaneSAT (Launch ~ 2022, https://www.methanesat.org/) and the
CarbonMapper (Launch ~ 2023, https://carbonmapper.org/) are of particular interest in this context.
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Figure Al. Operational bias corrected XCH, for the year 2018 offline (OFFL — March, April,
December) and reprocessed (RPRO — May - November) data with ga_value > 0.5.
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Figure A2. Operational monthly mean bias corrected XCH, offline data with qa_value > 0.5 for the
year 2019.
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Figure A3. Operational monthly mean bias corrected XCH, offline data with qa_value > 0.5 for the

year 2020.
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Figure A4. Operational monthly mean bias corrected XCH, offline data with qa_value > 0.5 for the

year 2021.
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Figure A5. Scientific monthly mean WFMD XCH, data version 1.5 for the year 2018.
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Figure A6. Scientific monthly mean WFMD XCH, data version 1.5 for the year 2019.
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Figure A7. Scientific monthly mean WFMD XCH, data version 1.5 for the year 2020.
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Monthly mean XCH, for the Northern latitudes (>50°N)
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Figure B1. Operational bias corrected XCH, for the year 2018 offline (OFFL — March, April,

December) and reprocessed (RPRO — May - November) data with ga_value > 0.5.
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Figure B2. Operational monthly mean bias corrected XCH, offline data with ga_value > 0.5 for the
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Figure B3. Operational monthly mean bias corrected XCH, offline data with ga_value > 0.5 for the

year 2020.
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Figure B4. Operational monthly mean bias corrected XCH, offline data with ga_value > 0.5 for the

year 2021.
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Figure B5. Scientific monthly mean WFMD XCH, data version 1.5 for the year 2018.
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Figure B6. Scientific monthly mean WFMD XCH, data version 1.5 for the year 20189.
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Figure B7. Scientific monthly mean WFMD XCH, data version 1.5 for the year 2020.
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