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Summary

Nitrous oxide (N.0) is one of the three most important anthropogenic greenhouse gases in terms
of radiative forcing, alongside methane and carbon dioxide. Our knowledge on global sources of
N.O is mostly based on a global network of in-situ surface networks that are sparse and unevenly
distributed limiting the resolution of surface flux inversions to sub-continental scale and with little
information on fluxes in the tropics, sub-tropics and Southern Hemisphere.

Satellites can provide globally dense observations of greenhouse gas mixing ratios and satellites
exist that can also measure atmospheric N,O either in the shortwave-infrared or thermal-infrared
spectral range. However, variations in atmospheric column measurements related to surface fluxes
are very small and thus satellite measurements so far have not been used robustly to infer surface
fluxes.

In this report, we evaluate the latest generation of N.O retrievals from shortwave-infrared
measurements by the GOSAT-2 satellite and thermal-infrared measurement by IASI against the
CAMS model to assess the consistency between the different datasets. A key aspect of the two
satellite datasets is their different vertical sensitivity with IASI measuring the free troposphere and
stratosphere while GOSAT-2 measures the total column including the boundary layer. In principle,
these different sensitivities could be used to remove the stratospheric column and to extract lower
tropospheric N,O values.

As expected, we observe a clear zonal structure in the satellite datasets and in CAMS data. However,
the comparisons between CAMS and the satellite datasets reveals inconsistent results with higher
XN0 values in IASI and lower XN,O values in GOSAT-2 compared to CAMS. For high latitudes, IASI
also shows lower values. For GOSAT-2, the comparisons to CAMS are hampered by the low
coverage, especially over land which is due to the strict quality filters that are applied.

In addition, we have (1) evaluated zonal anomalies of XN.O and of differences between satellites
and CAMS to remove large scale differences, (2) compared selected vertical profiles and (3) directly
compared IASI and GOSAT-2 XN.0O. The main conclusion is that observed features are more likely
retrieval artifacts rather than real atmospheric features. Such artifacts are of the order of a few ppb
which impede with any signals from surface emissions.

The main conclusion from this report is that satellite retrievals of XN-O need to improve before they
can be used with confidence to estimate emissions.
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1. Introduction

Nitrous oxide (N.0) is one of the three most important anthropogenic greenhouse gases in terms of
radiative forcing, alongside methane and carbon dioxide. Similar to methane and carbon dioxide, the
atmospheric N,O mole fraction has significantly increased since pre-industrial times primarily due to
anthropogenic activities. The N,O mole fraction has reached a value of ~340 ppb which is 25% higher
than its pre-industrial value. Over the last four decades, N,O has increased by 10% with the highest
observed growth rate in 2021 (Tian et al., 2024). Although natural sources of N,O outweigh
anthropogenic ones, the increase in N-O is primarily attributed to an increase in anthropogenic emissions
from agriculture, fossil fuel usage and other industrial emissions. The only noticeable sink of N.O is
stratospheric photolysis by UV radiation and reaction with O('D), which results in a lifetime of N.O of
116 +/- 9 years (Prather et al., 2015).

Our knowledge on global sources of N,O is mostly based on a global network of in-situ surface and
aircraft measurements from networks such as AGAGE, NOAA, and CSIRO (Prinn et al., 2018, Francey et
al., 2003, Dutton et al., 2023). However, these networks are sparse and unevenly distributed with few
sites in Africa, South America, and central Asia limiting the resolution of surface flux inversions to sub-
continental scale and with limited information on fluxes in the (sub)-tropics and Southern Hemisphere
(Tian et al., 2024).

As has been well demonstrated for CO, and CH,, satellites can provide globally dense observations of
greenhouse gases, which can provide constraints on regional sources and sinks. Several satellites exist
that can also measure atmospheric N-O either in the shortwave-infrared or thermal-infrared spectral
range. However, the expected signals in atmospheric column measurements related to surface fluxes
are very small (a few ppb out of 340 ppb) and so satellite data have not been used robustly for surface
flux inversions.

The goal of this deliverable is to evaluate the latest generation of N,O retrievals from shortwave-infrared
measurements by the GOSAT-2 satellite and thermal-infrared measurement by IASI against the CAMS
model to assess the consistency between the different datasets.

This project has received funding from the European Union’s Horizon Europe
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2. Datasets

The Greenhouse gases Observing Satellite-2 (GOSAT-2) is a Japanese satellite launched in 2018 to
monitor carbon dioxide and methane. It is equipped with the Thermal and Near Infrared Sensor of Carbon
Observation Fourier-Transform Spectrometer-2 (TANSO-FTS-2) and the Cloud and Aerosol Imager-2
(TANSO-CAI-2). Similar to TANSO-FTS on GOSAT, the TANSO-FTS-2 does not measure in a continuous
swath along its orbit, but makes single point measurements with a pixel diameter of 9.6 km. The
observation interval is 4.024 sec, with a nominal turn-around time of 0.65 sec. TANSO-FTS-2 measures
in the SWIR and thermal infrared (TIR) regions of the electromagnetic spectrum with a spectral resolution
of 0.2 cm™. It can operate in nadir viewing geometry, but also has a mode to observe sunglint over the
oceans, which can be used to provide better measurement quality over the usually dark ocean surface.
To reduce cloud-contaminated observations, the line of sight is adjusted during the FTS turn around
motion to actively avoid cloudy pixels. Further information about GOSAT-2 can be found in Suto et al.
(2021).

For the retrieval of atmospheric trace gases from GOSAT-2 radiance a retrieval algorithm is used.
Operational data product from GOSAT-2 products are available from the National Institute for
Environmental Studies (NIES). In this report, we have used data products that have been generated with
the Fast Atmospheric trace gas retrieval (FOCAL) that has been developed at IUP Bremen (Reuter et al.,
2017). This algorithm approximates full-physics retrieval methods by using a scattering approximation
based on a single scattering layer. The inverse method of FOCAL is based on the optimal estimation
principles described in Rodgers (2000).

The retrieval retrieves the column averaged dry-air model fraction of N,O called XN,O from a fit to the
radiances in the fit window between 4364 and 4449 cm™ The retrieval scales an a priori N,O profile that
does not depend on geolocation and is based on the tropical reference atmosphere from Anderson et
al. (1986), scaled to a column-average value of 330 ppb. More information on the GOSAT-2 retrieval is
given in Noel et al. (2022).

The Infrared Atmospheric Sounding Interferometer (IASI) is an imaging Fourier Transform Spectrometer
and is installed on the Meteorological operational (Metop) satellites of the European Organization for
Exploitation of Meteorological Satellites (EUMETSAT). The main purpose of IASI is the support of
numerical weather prediction, but it also offers the possibility for atmospheric trace gas retrievals due
to its high spectral resolution of 0.5 cm™ and high signal- to-noise ratio. IASI operates in nadir viewing
geometry and has a swath width of 2200 km with a 48.3° viewing angle containing 120 pixels with a 12
km pixel diameter at nadir. IASI measures in the thermal infrared spectral range between 635 cm~" and
2760 cm™" (3.63 ym - 15. 5 ym). Further information on IASI can be found in Clerbaux et al. (2009).

Here a dataset of the Multi-Species Integration of Column Atmospheric Observations (MUSICA) IASI
retrieval from the Karlsruhe Institute of Technology, described in Schneider et al. (2022) has been used.
This dataset has been retrieved using the PROFFIT-nadir retrieval algorithm (Schneider and Hase, 2011).
PROFFIT- nadir is an optimal estimation algorithm that retrieves vertical profiles of trace gases such as
N.O. The retrieval uses a spectral fit window of 1190 cm™" - 1400 cm™', producing profiles with up to
29 altitude levels. The a priori profile for N,O is time- and latitude-dependent, based on simulations from
the coupled chemistry climate Community Earth System Model version 1 - Whole Atmosphere
Community Climate Model (CESM1-WACCM) (Marsh et al., 2013). The IASI retrieval retrieves a profile
of NoO vmr which we used to compute a XN,O value according to:

This project has received funding from the European Union’s Horizon Europe
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Y. C;rvmr;
iCi

where c; is the dry air column in layer i and vmyr; is the N.O volume mixing ratio on layer i.

XN20 =

The model dataset from Copernicus Atmospheric Monitoring Service (CAMS) is a product of the PyVAR-
N.O inversion framework described in Thompson et al. (2014). This framework uses an offline version
of the Laboratoire de Météorologie Dynamique model version 6 LMDz6 (Hourdinet al., 2006) to simulate
atmospheric transport. For the stratospheric losses of N,O through reactions with O(1D) and photolysis,
the model uses pre-calculated fields from simulations of the online version of the LMDz6 model. The
observational input for the inversion comes not from satellites but from a total of 113 ground-based
sites, ship and aircraft transects made with gas chromatographs equipped with an electron capture
detector. The output fields are resolved at 2.5° x 1.25° with 79 vertical layers (or 80 levels) for every 3
hours.

For the comparison of CAMS to IASI, the averaging kernel A and a priori profile x, of the IASI retrieval
has been taken into account according to:
X = xq+*A(Xcams - Xa)

For the GOSAT-2 retrieval, no averaging kernel has been available and we assumed that the normalised
column averaging kernel is unity and thus the CAMS XN.0 value can be directly compared to the GOSAT-
2 value.

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No 101081395
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3. Comparison between GOSAT-2, IASI and CAMS

3.1 GOSAT-2 and IASI Data

Examples of monthly maps of cloud-free and quality-filtered XN,O data from GOSAT-2 and IASI XN.0
are given in Figure 1 and Figure 2.

The GOSAT-2 data shows poor coverage for all 4 given months with data being primarily available over
the oceans with low coverage over land masses, in particular over northern hemispheric land. This low
coverage is the result of the applied quality filters and it can be expected that adjusted filters in future
releases can help to increase coverage.

In contrast, we find complete global coverage on a monthly bases with IASI data including all land and
ocean surfaces. This reflects the dense and continuous measurements collected by IASI, the ability of
IASI to acquire data over land and ocean and much reduced sensitivity to aerosol scattering. However,
a major limitation of the IASI data is its lack of measurement sensitivity to the boundary layer.

Both datasets show a clear zonal structure with high values in the Tropics and low values in high
latitudes, especially in high latitude winter. This behaviour is well understood and is caused by changes
of the height of the tropopause which separates the troposphere with high N.O values and the
stratosphere where N,O values are lower due to loss via photolysis and reactions with excited oxygen.
Similarly, we can observe lower XN,O values for mountainous regions where the high surface elevation
reduces the tropospheric contribution to the total column.

gosat 5x5 mean_tot 2020-01

gosat 5x5 mean_tot 2020-04

XN20 in ppb

gosat 5x5 mean_tot 2020-10

xNz0 in ppb

180°  180° 120°wW 60°W 0 60°E 120°E 180°

280

Figure 1: XN2O from GOSAT-2 for January, April, July and October of 2020 binned into 5° x 5" after cloud and
quality filtering
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Figure 2: As Figure 1 but for IASI.

3.2 Comparison between the satellite datasets GOSAT-2 and IASI with CAMS

The gridded XN,O maps from IASI and GOSAT-2 are shown in Figure 3 and Figure 4 for two months
(March and September 2020) together with XN,O from CAMS. The CAMS data is given with and without
the 1ASI averaging kernel applied, where the maps with averaging kernel should be compared to IASI
and without to GOSAT-2. However, application of the averaging kernels results only in minor differences.

The CAMS data shows a similar zonal pattern as is observed in IASI and GOSAT-2. However, as in shown
by the difference plots in Figure 5 and Figure 6 (and by the Hovmodller plots in Figure 7 and Figure 8),
there are large differences between XN,O from IASI and CAMS with IASI showing higher values while
for high latitudes the opposite is true. For the comparison between GOSAT-2 and CAMS, we find an
overestimate by CAMS over the oceans with an underestimate over land. In both cases, the differences
between satellites and CAMS are lowest near the equator.

Although these discrepancies may point towards issues in the CAMS model with correct representing
stratospheric N,O loss processes and/or the large-scale Brewer-Dobson circulation, they may also hint
at issue with the satellite retrievals. The latter one is supported by the different (and thus inconsistent)
signs observed in the differences between CAMS and both satellite datasets and also by the clear land-
sea contrast in case of GOSAT-2.

Figure 9 to Figure 11 show vertical N,O profiles of the CAMS model and the a priori and a posteriori N,O
profile of the IASI retrieval for selected locations and months. Good agreement is seen between the IASI
a priori profile and the CAMS profile but with the CAMS model indicating slightly higher values around
the Tropopause in Fig. 9 for 35-40°N. The IASI retrieval tends to increase N.O value in the tropopause
region but the most pronounced feature of the IASI retrieval for the two northern hemispheric cases is
the large change of the mid-tropospheric values except for November and December for the 50-55°N
region. In the southern hemispheric case, we see a larger difference in stratospheric N.O between the
retrieval and CAMS but almost no difference in the troposphere (Fig. 11). This behaviour is unlikely
representing real atmospheric N,O variations and is most likely caused by retrieval shortcomings and
by layer-layer correlations in the retrieval causing some oscillating structures.

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No 101081395
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Figure 3: XN20 from IASI (left top), GOSAT-2 (right top), from CAMS (bottom right) and from CAMS with IASI
averaging kernels applied (bottom left) for March 2020.
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Figure 5: Difference in XN20 between IASI and CAMS (left) and GOSAT-2 and CAMS (right) for March 2020
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Figure 6: As Figure 5 but for September 2020.
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Figure 7: Hovméller plots of zonally averaged XN20 versus months of the year 2020 for 1ASI, GOSAT-2, and
CAMS with and without IASI averaging kernels applied
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Figure 8: Hovmdller plots of zonally averaged XN20 difference between IASI and CAMS and GOSAT-2 and CAMS
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Figure 9: N2O mean vertical profiles in a grid cell over the Rocky Mountains for July, August and September
2020.
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Figure 10: As Figure 9 but for a grid cell over Siberia for October, November and December.
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Figure 11: As Figure 9 but for a grid cell over the Atlantic for April, May and June.

3.3 Zonal anomalies from IASI and CAMS

To remove the large-scale difference between the IASI and CAMS XN;O data, we subtracted from each
dataset its zonal mean value to obtain smaller scale variations given in each dataset. A prominent feature
in the CAMS data are mountain ranges, which tend to show low values, as expected. In the IASI dataset,
we observe much more variability and we also see low XN.O value over the Himalayas and Greenland,
but other mountain ranges such as the Rocky Mountains or the Andes show high values, which is not
sensible. Also, other features seen in the anomaly maps for IASI cannot be explained, for example the
high values in tropical Africa in March or the high values in southern Africa in September. The smaller-
scale structures seem to rather be the result of retrieval issues rather than real features. Due to the
modest latitude coverage of GOSAT-2, we have not repeated this for GOSAT-2.
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Figure 12: Zonal anomalies of XN20 from IASI and CAMS
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Figure 13: As Figure 12 but for September 2020

3.4 Comparison between GOSAT-2 and IASI

Differences of XN,O between IASI and GOSAT-2 are shown in Figure 14 and Figure 15. As already
indicated in the comparisons of the satellite datasets to CAMS, we find that IASI XNO is typically higher
than that from GOSAT-2 with a clear latitudinal trend. However, over some land surfaces, we find the
opposite sign. The figures also give the zonal anomalies of the differences, which point towards clear
negative values over bright desert surfaces and some land regions showing positive values. However,
no clear picture emerges that would hint towards tropospheric emission patterns.
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Figure 14: Difference between IASI and GOSAT-2 XN20 for March 2020 (left) and after removing the zonal

average difference (right)
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Figure 15: As Figure 14 but for September 2020.
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4. Conclusion and outlook

We have analysed XN,O observations from the satellite instrument IASI and GOSAT-2 and contrasted
them against CAMS model data. A key aspect of the two satellite datasets is their different vertical
sensitivity with IASI measuring the free troposphere and stratosphere while GOSAT-2 measures the total
column including the boundary layer. In principle, these different sensitivities could be used to remove
the stratospheric column and to extract lower tropospheric N2O values.

As expected, we observe a clear zonal structure in the satellite datasets and in CAMS data. However,
the comparisons between CAMS and the satellite datasets reveal inconsistent results with higher XN,0
values in IASI and lower XN0 values in GOSAT-2 compared to CAMS. For high latitudes, IASI also shows
lower values. For GOSAT-2, the comparisons to CAMS are hampered by the low coverage, especially
over land which is due to the strict quality filters that are applied.

In addition, we have: (1) evaluated zonal anomalies of XN,O and of differences between satellites and
CAMS to remove large scale differences, (2) compared selected vertical profiles and (3) directly
compared IASI and GOSAT-2 XN.0. The main conclusion is that observed features are more likely
retrieval artifacts rather than real atmospheric features. Such artifacts are of the order of a few ppb
which impede with any signals from surface emissions.

The main conclusion from this report is that satellite retrievals of XN,O need to improve before they can
be used with confidence to estimate emissions.
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