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A B S T R A C T   

The Monitoring Nitrous Oxide Sources (MIN2OS) satellite project aims at monitoring global-scale nitrous oxide 
(N2O) sources by retrieving N2O surface fluxes from the inversion of space-borne N2O measurements that are 
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Contents lists available at ScienceDirect 

Remote Sensing of Environment 

journal homepage: www.elsevier.com/locate/rse 

https://doi.org/10.1016/j.rse.2021.112688 
Received 28 April 2021; Received in revised form 2 August 2021; Accepted 2 September 2021   

mailto:philippe.ricaud@meteo.fr
mailto:jean-luc.attie@aero.obs-mip.fr
mailto:remi.chalinel@aero.obs-mip.fr
mailto:frederick.pasternak@airbus.com
mailto:frederick.pasternak@airbus.com
mailto:joel.leonard@inra.fr
mailto:isabelle.pison@lsce.ipsl.fr
mailto:elizabeth.pattey@agr.gc.ca
mailto:rlt@nilu.no
mailto:zdenek.zelinger@jh-inst.cas.cz
mailto:jos.lelieveld@mpic.de
mailto:j.sciare@cyi.ac.cy
mailto:nsaitoh@faculty.chiba-u.jp
mailto:audrey.fortems@lsce.ipsl.fr
mailto:helene.raynal@inrae.fr
mailto:jerome.vidot@meteo.fr
mailto:laure.brooker@airbus.com
mailto:laurent.berdeu@airbus.com
mailto:olivier.saintpe@airbus.com
mailto:prabir@jamstec.go.jp
mailto:michal.dostal@jh-inst.cas.cz
mailto:jan.suchanek@jh-inst.cas.cz
mailto:cgz@nilu.no
www.sciencedirect.com/science/journal/00344257
https://www.elsevier.com/locate/rse
https://doi.org/10.1016/j.rse.2021.112688
https://doi.org/10.1016/j.rse.2021.112688
https://doi.org/10.1016/j.rse.2021.112688
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rse.2021.112688&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Remote Sensing of Environment 266 (2021) 112688

2

Keywords: 
Nitrous oxide 
N2O emissions 
Space-borne observations 
Sources 
Modelling 

sensitive to the lowermost atmospheric layers under favorable conditions. MIN2OS will provide emission esti
mates of N2O at a horizontal resolution of 1◦ × 1◦ on the global scale and 10 × 10 km2 on the regional scale on a 
weekly to monthly basis depending on the application (e.g., agriculture, national inventories, policy, scientific 
research). Our novel approach is based on the development of: 1) a space-borne instrument operating in the 
Thermal InfraRed domain providing, in clear sky conditions, N2O mixing ratio in the lowermost atmosphere 
(900 hPa) under favorable conditions (summer daytime) over land and under favorable and unfavorable (winter 
nighttime) conditions over the ocean and 2) an atmospheric inversion framework to estimate N2O surface fluxes 
from the atmospheric satellite observations. After studying three N2O spectral bands (B1 at 1240–1350 cm− 1, B2 
at 2150–2260 cm− 1 and B3 at 2400–2600 cm− 1), a new TIR instrument will be developed, centered at 
1250–1330 cm− 1, with a resolution of 0.125 cm− 1, a Full Width at Half Maximum of 0.25 cm− 1 and a swath of 
300 km. To optimally constrain the retrieval of N2O vertical profiles, the instrument will be on-board a platform 
at ~830 km altitude in a sun-synchronous orbit crossing the Equator in descending node at 09:30 local time in 
synergy with two other platforms (Metop-SG and Sentinel-2 NG) expected to fly in 2031–32 aiming at detecting 
surface properties, agricultural information on the field scale and vertical profiles of atmospheric constituents 
and temperature. The lifetime of the MIN2OS project would be 4–5 years to study the interannual variability of 
N2O surface fluxes. The spectral noise can be decreased by at least a factor of 5 compared to the lowest noise 
accessible to date with the Infrared Atmospheric Sounding Interferometer-New Generation (IASI-NG) mission. 
The N2O total error is expected to be less than ~1% (~3 ppbv) along the vertical. The preliminary design of the 
MIN2OS project results in a small instrument (payload of 90 kg, volume of 1200 × 600 × 300 mm3) with, in 
addition to the spectrometer, a wide field and 1-km resolution imager for cloud detection. The instruments could 
be hosted on a small platform, the whole satellite being largely compatible with a dual launch on VEGA-C. The 
MIN2OS project has been submitted to the European Space Agency Earth Explorer 11 mission ideas.   

1. Introduction 

Nitrous oxide (N2O) is the third most important long-lived green
house gas (GHG) after carbon dioxide (CO2) and methane (CH4) 
contributing to global warming. It has a global warming potential 298 
times higher than that of CO2 on a mass basis and for a 100-year horizon 
(IPCC, 2007). Consequently, N2O has a radiative forcing of climate 10% 
that of CO2, although it is 1000 times less abundant over the time period 
from 1750 to present. Furthermore, emissions of N2O are currently the 
most important emissions of any stratospheric ozone depleting sub
stance and are impeding the recovery of the ozone hole (Ravishankara 
et al., 2009). N2O emissions increased by 0.25–0.30% yr− 1 over the past 
10 years (Tian et al., 2020) and keep increasing until 2100 (IPCC, 2007) 
in the majority of socio-economic scenarios. 

Emissions of N2O are largely driven by the microbial processes of 
nitrification and denitrification occurring in soils, the ocean and fresh
water systems (Bakker et al., 2014). In addition, there is a smaller source 
of abiotic emissions through incomplete combustion and some industrial 
processes (Davidson and Kanter, 2014). Of the global total emission 
(~17 TgN yr− 1), ~57% is naturally occurring and the remaining ~43% 
is anthropogenic (Tian et al., 2020). Anthropogenic emissions are 
dominated by agriculture (~52%) and are due to the perturbation of the 
nitrogen cycle through the addition of nitrogen from synthetic fertilizers 
and manure, while industrial and fossil fuel combustion contributes 
~27% (Tian et al., 2020). Once emitted into the atmosphere, N2O re
mains there for an average of ~116 years (Prather et al., 2015), while it 
is removed in the stratosphere via photodissociation and oxidation by 
the oxygen radical O(1D). This is also the main pathway of stratospheric 
nitrogen oxide production involved in ozone (O3) depletion (Min
schwaner et al., 1993). 

Since N2O emissions (natural and anthropogenic) are predominantly 
driven by microbial processes, which depend strongly on the environ
mental conditions (soil water content, temperature, oxygen availability, 
etc.) and management practices, the emissions are extremely chal
lenging to simulate and forecast. Emission inventories, as reported to the 
United Nations Framework Convention on Climate Change (UNFCCC), 
are based on the Intergovernmental Panel on Climate Change (IPCC) 
Tier-1 and Tier-2 emission factor approaches (IPCC, 2007, 2019), which 
combine emission factors for different source sectors (e.g., direct emis
sions from agriculture) with activity data. However, the uncertainty in 
emission factors is up to 300%, representing a major uncertainty in the 
total GHG emissions (in CO2 equivalents) from agriculture and waste 
sectors (De Klein et al., 2006). Moreover, the impact of varying 

environmental conditions on the emissions is not captured in the in
ventories (Tian et al., 2015; Ehrhardt et al., 2017). Asides from the IPCC 
approach, N2O emissions from land and ocean can be either estimated 
by process-based ecosystem models (a bottom-up (BU) approach) or 
based on changes in atmospheric N2O mixing ratio with the help of an 
atmospheric chemistry-transport model (a top-down (TD) approach). 
Based on BU approaches (Tian et al., 2020), the overall N2O emission 
estimates exhibit a large range, from 12.2 to 23.5 Tg N yr− 1, with natural 
emissions ranging from 8.0 to 12.0 Tg N yr− 1, including natural soils 
(4.9–6.5 Tg N yr− 1) and ocean (2.5–4.3 Tg N yr− 1), and anthropogenic 
emissions ranging from 4.2 to 11.4 Tg N yr− 1. A large divergence exists 
in the estimation of natural soil N2O emission by inventories, empirical 
and process-based models, implying that our understanding of the pro
cesses and their controls remains uncertain. This also leads to consid
erable uncertainty in the trend in N2O emission over the recent decades. 
The latest estimate of the global N2O emission trend from 1998 to 2016 
is 0.8 ± 0.2 Tg N yr− 1 per decade using BU modelling. More generally, 
the uncertainties in the BU estimates arise from the difficulty of 
modelling the complex non-linear processes leading to N2O production 
and consumption on land and in the ocean. 

The N2O surface emissions show huge temporal and spatial vari
abilities. The spatial variability on the global scale is estimated to be 
greater than a factor 10 over land (Tian et al., 2020) and greater than a 
factor 5 over the ocean (Nevison et al., 1995). For anthropogenic 
emissions, East and South Asia, Europe and North America are the most 
emitting regions, while for natural soil emissions, Equatorial and South 
Africa and South America are the most emitting regions. For the ocean, 
the Eastern Equatorial Pacific, South-Eastern tropical Atlantic and 
Eastern Indian Oceans are the main N2O source areas. On the local/ 
regional scale, in situ flux measurements show that the diurnal vari
ability of the N2O flux over a cultivated plot is ±20% (Alves et al., 2012; 
Shurpali et al., 2016). Over a region/territory in France, the spatial 
variability as calculated by the Simulateur mulTIdisciplinaire pour les 
Cultures Standard (STICS) model is greater than a factor 6 (Therond 
et al., 2017). Even in one location, N2O emissions vary depending on the 
management practices and weather conditions. Emission peaks usually 
follow nitrogen fertilizer application (e.g., Grant and Pattey, 2003; 
Metivier et al., 2009) driven by rainfall or irrigation. For soil freezing 
regions, they follow snowmelt and soil thawing (e.g., Grant and Pattey, 
1999; Pattey et al., 2007, 2008; Wagner-Riddle et al., 2017). 

Given the large spatiotemporal variability in N2O emissions, and the 
challenges to simulate the processes driving the emissions, it is essential 
to have reliable and accurate estimates also from TD approaches. Up to 
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now, TD estimates of N2O emissions relied on sparse surface observa
tions (e.g., international networks of observation sites, complemented 
with aircraft (e.g., Desjardins et al., 2010) and ship campaign mea
surements) to derive monthly sources and sinks of N2O on the global (e. 
g., Thompson et al., 2014) and European scales (e.g., Bergamaschi et al., 
2015). These estimates are based on the atmospheric inversion 
approach, which uses Bayesian statistics and atmospheric chemistry- 
transport models to relate the changes in atmospheric concentrations 
to changes in surface-atmosphere fluxes. 

On the global scale, BU and TD estimates of the N2O emission trend 
from 1998 to 2016 are in good agreement: 0.8 ± 0.2 Tg N yr− 1 per 
decade for BU modelling, compared to 1.1 ± 0.6 Tg N yr− 1 per decade 
using atmospheric inversions (Tian et al., 2020). Nevertheless, recent TD 
estimations of the emission increase since 2009 were twice as large as 
those predicted by the IPCC emission factor approach (Thompson et al., 
2019). To understand and decrease these discrepancies, much more 
work on the estimation of regional N2O emissions is needed. In partic
ular, tropical and sub-tropical areas, in addition to being important 
source regions, are also domains where the largest uncertainties and 
discrepancies between TD and BU approaches exist. One major problem 
in the tropics and sub-tropics for TD approaches is the very sparse at
mospheric N2O observation network (Wells et al., 2018; Thompson 
et al., 2014). More observations over these regions would help resolve 
key questions, such as: i) the impact of climate variability on tropical 
rainforest emissions, e.g., the standard deviation of annual emissions has 
been reported to be up to 100% over a 10-year period (Werner et al., 
2007) and ii) the impact of land-use changes on emissions, e.g., drainage 
of wetland/peatland, deforestation, and conversion of cleared land for 
agriculture. There are also open issues concerning N2O emission from 
some emerging technologies. Ammonia (NH3) is proposed as a viable 
carbon-free energy carrier for transportation and power generation (e. 
g., Kurata et al., 2017). Combustion of NH3 (pure or mixed with other 
fuels, e.g., CH4) could be a potentially significant source of reactive ni
trogen species (NOx = NO+NO2 and NH3) as well as N2O (through 
incomplete combustion) in the future. However, there are too few 
studies examining the chemical reactions of NH3 combustion in order to 
make reliable predictions of NOx and N2O emissions. 

Satellite data are thought to be a potential source of information for 
TD approaches, able to complement the sparse in-situ measurements, 
particularly in key regions which are remote and difficult to access, such 
as tropical areas. Since 2008, Thermal InfraRed (TIR) measurements 
from satellite instruments such as the Infrared Atmospheric Sounding 
Interferometer (IASI), Atmospheric InfraRed Sounder (AIRS), and 
Greenhouse Gases Observing Satellite (GOSAT) have become available 
to observe the N2O total column and upper tropospheric N2O. In the TIR 
domain, on average, the vertical sensitivity of the N2O retrievals, as 
defined by the averaging kernels, in which the maximum is mainly in the 
upper troposphere around 300 hPa for all the current sensors, AIRS 
(Xiong et al., 2014), GOSAT (Kangah et al., 2017) and IASI (Chalinel 
et al., 2021, paper in this special issue). 

Initial studies have shown that it is possible to follow long-range 
transport via the temporal and spatial variability of N2O total column. 
In the tropics, the convergences of the Walker cells from the American 
continent and the Indian Ocean to the African continent produced a 
local maximum over Africa in the IASI N2O total columns officially 
processed by the European Organisation for the Exploitation of Meteo
rological Satellites (EUMETSAT; Ricaud et al., 2009). In the extra-tropics 
over the Mediterranean Basin, the summertime maximum of upper 
tropospheric N2O observed by GOSAT in the East compared to the West 
(Kangah et al., 2017; Ricaud et al., 2014) has been attributed to the 
impact of the Asian monsoon anticyclone, which redistributes the 
elevated N2O concentration in the lower troposphere of the Indian sub- 
continent and Eastern China by uplift to the upper troposphere where it 
is transported towards Northern Africa and the Mediterranean Basin 
(Ricaud et al., 2014). 

Climatological studies (with monthly to yearly averages) similar to 

those using horizontal bins of 2◦ × 2◦ with GOSAT data can now be 
achieved on the global scale in the upper troposphere over 1 day and at a 
horizontal resolution of 1◦ × 1◦ (about 100 × 100 km2) by using the 
measurements from IASI (Chalinel et al., 2021). Upper tropospheric N2O 
from IASI is retrieved using the TN2OR (Toulouse N2O Retrieval) V1.7 
tool combining the Radiative Transfer for Tiros Operational Vertical 
sounder (RTTOV) model version v11.2 (Saunders et al., 1999) and the 
Levenberg-Marquardt method (Levenberg, 1944; Marquardt, 1963), a 
non-linear inversion algorithm based on the optimal estimation method 
(Rodgers, 2000). Simultaneous retrievals of N2O, CH4, water vapor 
(H2O), temperature and surface temperature and emissivity are per
formed considering the TIR band 1240–1350 cm− 1 and produce vertical 
profiles of N2O with a total error better than 1%. 

Until now, quantifying N2O emissions by TD approaches relied on 
sparse surface observations to derive monthly sources of N2O on the 
global scale. Nowadays, N2O space-borne observations are mainly per
formed in the TIR domain and are mainly sensitive in the upper tropo
sphere (around 300 hPa), which explains why they are not yet 
assimilated in TD approaches targeting surface fluxes. The Monitoring 
Nitrous Oxide Sources (MIN2OS) satellite project, submitted to the Eu
ropean Space Agency (ESA) Earth Explorer 11 (EE11) mission ideas, has 
been set up to provide N2O sources at high temporal and horizontal 
resolutions on the global scale. Our novel approach is based on the 
development of: 1) a space-borne instrument operating in the TIR 
domain inherited from a more sensitive version of the IASI and IASI-NG 
instruments, providing N2O mixing ratio in the lowermost troposphere 
(900 hPa) under favorable conditions (summer daytime) over land and 
all conditions over the ocean and 2) an inversion source model to esti
mate, from atmospheric satellite observations, N2O surface fluxes. 

To fulfill the MIN2OS objectives, we propose a new TIR instrument. 
Our objective is to describe our theoretical studies to better determine 
the TIR instrument specifications and its deployment on a platform to 
better monitor N2O mixing ratio in the lowermost troposphere. In Sec
tion 2, we first present the MIN2OS project. We then describe in Section 
3 the MIN2OS instrumental concept through the development of a sci
entific tool that will help to identify the best configuration (spectral 
band and resolution, retrieval parameters, vertical sensitivity, etc.) 
associated with the instrument specifications (spectral noise achievable, 
spectral resolution, etc.) and the platform (orbit altitude, swath, etc.). 
The MIN2OS system solution presenting the actual devices selected for 
the project are explained in Section 4. Section 5 presents the MIN2OS 
mission including the instrument and the platform definition. Pre
liminary studies on the potential impact of MIN2OS observations on 
retrieving N2O surface fluxes are presented in Section 6 on the global 
and regional scales before concluding in Section 7. 

2. The MIN2OS project 

2.1. The concept 

There are currently no satellite observations sensitive to N2O in the 
lower troposphere and with sufficient precision and accuracy to be used 
to determine surface-atmosphere fluxes. Such measurements are more 
pertinent than ever to reduce uncertainties in the emissions and to 
monitor the evolution of this important GHG, which will very likely 
continue to increase in the future. The MIN2OS project intends to: 

1) provide satellite measurements with a high sensitivity near the sur
face and unprecedented precision,  

2) develop a Bayesian flux inversion tool based on a 4D-variational (4D- 
Var) assimilation method using state-of-the-art atmospheric chem
istry transport models (at least one regional and one global model 
will be used),  

3) use process-based modelling to estimate N2O surface fluxes on the 
local scale and aggregate them on the regional scale, 
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4) validate the inversion-based flux estimates against independent data 
(measurements and modelling),  

5) distribute N2O flux data to external users (scientists, policy-makers, 
and other stakeholders). 

Because today's TIR space-borne instruments (i.e., IASI, GOSAT and 
AIRS) mainly provide N2O measurements with a high sensitivity in the 
upper troposphere, our objective is to develop a new instrument, 
detailed in Section 3, that will provide three independent vertical at
mospheric layers of N2O measurements in the lowermost, in the middle 
and in the upper troposphere (i.e., 900, 600 and 300 hPa, respectively). 
The vertical sensitivity is important for the inversion of sources/sinks 
because the N2O mixing ratios (total column or in the upper troposphere 
and stratosphere altitudes) are strongly affected by photochemical loss 
in the stratosphere (Saito et al., 2012). The MIN2OS instrument, based 
on the heritage of IASI and IASI-NG, will have a much higher signal-to- 
noise ratio, (i.e., 3–5 times higher than the one of IASI-NG). It will 
operate in the TIR, on the N2O absorption band in the spectral domain of 
1240–1320 cm− 1, with a resolution of 0.125 cm− 1, a Full Width at Half 
Maximum (FWHM) of 0.25 cm− 1 and a swath of 300 km (±150 km). In a 
sun-synchronous orbit at around 830 km altitude, the platform should 
fly with other platforms expected to fly in 2031 (e.g., Metop-SG equip
ped with IASI-NG, Sentinel-2 NG) in order to have access to coincident 
meteorological and chemical information such as temperature, humid
ity, clouds, and aerosols that will be used to analyze the MIN2OS 
radiances. 

The main advantage of the MIN2OS instrument is to provide N2O 
information in the lowermost troposphere, namely as close as possible to 
the source location. A good sensitivity in a vertical layer as close as 
possible to the surface will help to minimize errors due to the transport 
of air masses from the measurement location back to the source when 
applying the 4D-Var assimilation system to invert the surface N2O 
sources (see Section 6). However, in some circumstances (e.g., presence 
of clouds, deep convection), the enriched-N2O air masses detected by the 
MIN2OS instrument might be far from the source and/or in the upper 
troposphere as during the summertime Asian monsoon studied in Kan
gah et al. (2017) with GOSAT observations. In such cases, the MIN2OS 
instrument will be able to track these N2O-enriched air masses due to its 
sensitivity within the lowermost, middle and upper troposphere. We 
recall that the aim of the source inversion is not to track air masses but to 
retrieve information on the emissions, to which the observed concen
trations are sensitive. This is why the time resolution of the optimized 
fluxes can be coarse in time (from a week to a month) relative to the 
modelling of atmospheric transport. Therefore, it is not necessary to 
resolve daily (or higher frequency) fluxes, which are also of less rele
vance for policy-makers and main stakeholders. Nevertheless, data 
would be available almost every day of the whole month and will help 
better constrain the monthly (or weekly) mean fluxes. 

The aim of the MIN2OS technical concept is to develop a TIR in
strument to obtain good quality N2O vertical profiles in the lowermost 
layers of the troposphere and then systematically produce profiles on the 
global scale at a horizontal resolution of 1◦ × 1◦ and on the regional 
scale at a horizontal resolution of 10 × 10 km2. The temporal evolution 
of N2O depends on several factors such as the timing and rates of 
nitrogen-based fertilizer application, meteorology (rainfall, snowmelt), 
soil texture, soil water saturation, and crop. A diurnal cycle in the N2O 
surface flux has been observed with a maximum around 12:00–14:00 
local time (LT) and a minimum around 08:00 LT (Charteris et al., 2020). 
As a consequence, sampling between 09:00 and 10:00 LT was recom
mended to capture the daily mean N2O flux in temperate climates (Alves 
et al., 2012) that is consistent with the fact that MIN2OS will fly in 
convoy with Metop-SG equipped with IASI-NG and Sentinel-2 NG with a 
time of Equator crossing to about 09:30 LT. There is also a stringent 
constraint to obtain N2O measurements in the lowermost troposphere at 
very high horizontal resolution. Consequently, the favored approach is 
to take advantage of the heritage of IASI and IASI-NG to specify an 

instrument with a much higher signal to noise ratio than the ones of both 
IASI and IASI-NG, given that the temporal sampling will be imposed by 
the platform flying in convoy with the MIN2OS platform. In the two 
following subsections, we present the spectral and vertical sensitivities 
of the present-day (IASI) and the future (IASI-NG) instruments to obtain 
N2O information along the vertical, together with a new instrument that 
has the same spectral resolution as IASI-NG but a signal-to-noise ratio 
increased by a factor 3 or 5 compared to IASI-NG. 

2.2. Spectral sensitivity 

We first need to evaluate how the N2O retrievals obtained with IASI- 
NG might be affected by the two following technical improvements: 
spectral resolution and signal-to-noise ratio compared to the N2O re
trievals obtained with IASI (see Chalinel et al., 2021). To do so, we used 
the Radiative Transfer for TIROS Operational Vertical sounder (RTTOV) 
model (Saunders et al., 1999) coupled with the Optimal Estimation 
method (Rodgers, 2000) in a way consistent with the analyses presented 
in Chalinel et al. (2021). For our retrieval system, we used RTTOV 
version 12.0 together with the regression coefficients v9 based on the 
model LBLRTM (LBL Radiative Transfer Model) (Hocking et al., 2015). 
In this version, the 25 predictors depend on the trace gas profiles 
including H2O, O3, CO2, N2O, CH4 and carbon monoxide (CO). 

Previous studies (e.g., Clerbaux et al., 2009) have highlighted 3 ab
sorption bands of N2O in the IASI spectral range centered at ~1280 cm− 1 

(7.8 μm), ~2220 cm− 1 (4.5 μm) and ~2550 cm− 1 (3.9 μm). Fig. 1 shows 
a N2O weighting function matrix (Jacobian matrix) calculated in units of 
brightness temperature (BT) for the IASI instrument for one pixel 
selected over France in favorable conditions (summer daytime) and 
presented in Table 2 and Fig. 3. This matrix represents the sensitivity of 
the calculated BT to a unit change in the N2O volume mixing ratio (vmr). 
Note that the N2O Jacobian matrices associated to the 2 × 15 pixels 
selected in favorable and unfavorable conditions (see Table 2 and Fig. 3) 
are shown in the Supplementary Material in Figs. S1 and S2, respec
tively. The spectral signature of N2O appears in the three spectral re
gions with significant differences of intensity. The most intense 
absorption band is between 2190 and 2240 cm− 1 (4.5 μm) and shows 
sensitivity to N2O from the lowermost troposphere to 100 hPa with a 
maximum of sensitivity between 500 and 200 hPa. The absorption band 
located between 1250 and 1310 cm− 1 (7.8 μm) is less intense than the 
previous band and is sensitive to N2O between 1000 and 100 hPa. The 
third band located between 2500 and 2600 cm− 1 (7.8 μm) is much less 
intense than the two other bands and is sensitive to N2O from 900 to 300 
hPa. 

To illustrate the sensitivity of these 3 bands to N2O and to the other 
atmospheric and surface parameters, a sensitivity study (Fig. 2) has been 
performed using a set of atmospheric and surface parameters repre
sentative of a given atmospheric state consistent with, as an example, 
one pixel over France in summer daytime (see Table 2 and Fig. 3). Note 
that the spectral sensitivity associated to the 2 × 15 pixels selected in 
favorable and unfavorable conditions (see Table 2 and Fig. 3) are shown 
in the Supplementary Material in Figs. S3 and S4, respectively. This 
study consists in calculating the variation of the absolute value of BT 
(called hereafter |∆BT|) over the IASI-NG spectral range and resolution 
(consistent with MIN2OS) for a 1% variation of the major atmospheric 
constituents and surface emissivity and 1 K variation of temperature 
profiles and surface. We selected the 3 following bands as follow: B1 
(1240–1350 cm− 1), B2 (2150–2260 cm− 1) and B3 (2400–2500 cm− 1). 
The band B1 is mainly sensitive to: H2O, temperature, CH4, surface 
temperature and surface emissivity. The band B2 is mainly sensitive to: 
H2O, temperature, CO2, CO and O3, surface temperature and surface 
emissivity. The band B3 is mainly sensitive to: H2O, temperature, sur
face temperature and surface emissivity. 
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2.3. Vertical sensitivity 

To evaluate the retrievals of N2O profiles considering different con
figurations of the MIN2OS instruments, we have used and adapted the 

TN2OR V1.7 tool initially developed to analyze IASI spectral measure
ments (Chalinel et al., 2021). The restitution process goes through 
several steps and uses mainly the RTTOV model version 12 and the 
Levenberg-Marquardt method that is a non-linear inversion algorithm 

Fig. 1. N2O Jacobian in brightness temperature (K/ppmv) calculated by RTTOV for one pixel selected over France in favorable conditions (summer daytime) and 
presented in Table 2 and Fig. 3, over the 3 IASI spectral micro-windows of 1240–1350 cm− 1 (B1, left), 2150–2260 cm− 1 (B2, middle), and 2400–2600 cm− 1 (B3, 
right). Note the colour scale is logarithmic. 

Fig. 2. Absolute change in brightness temperature (|ΔBT|) for one pixel selected over France in favorable conditions (summer daytime) and presented in Table 2 and 
Fig. 3 for 1% change in: H2O (dark blue), CH4 (green), CO (grey), CO2 (black), O3 (purple), N2O (yellow), and surface emissivity (light blue) and for 1 K change in: 
temperature profile (red), and surface temperature (orange) for the IASI-NG (consistent with MIN2OS spectral resolution) over France in summer daytime in B1, B2 
and B3. The y axis is in logarithmic scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Locations of the 2 × 15 MIN2OS pixels (red triangles for July 2011 and blue triangles for January 2011 – dates and times of observations are listed in Table 2) 
used to highlight the radiance residuals, the averaging kernels, the DOFs, the N2O total errors and the N2O error contaminations. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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based on the optimal estimation method. For MIN2OS, the IASI-NG 
instrumental line shape has been selected in RTTOV, providing a spec
tral resolution of 0.125 cm− 1, and a FWHM of 0.25 cm− 1. Depending on 
the band studied (B1 to B3), we used the a priori information and errors 
in the a priori covariance matrices consistent with Table 1. These values 
were consistent with the IASI study presented in Chalinel et al. (2021). 
We have to note that the expected improvement of the IASI-NG accuracy 
compared to the IASI accuracy on the retrievals of several species has 
been presented in Crevoisier et al. (2014): 0.1 to 0.5% for tropospheric 
temperature, 0–8% for tropospheric H2O, 5–47% for CH4 tropospheric 
columns, 5–5% for CO2 tropospheric columns, and 3–51% for tropo
spheric O3. This means that the configuration of our retrieval a priori 
and error covariance matrices for MIN2OS can be considered as pessi
mistic and could be improved in the future. 

The total error was evaluated as the sum of the smoothing error 
(issued from the covariance matrix of the a priori state) and the mea
surement error (issued from the error covariance matrix of the observed 
spectral radiance). In band B1, we have selected the variables to be 
retrieved to be: N2O, CH4, H2O, temperature (T), surface temperature 
(Ts) and surface emissivity (ε). In band B2, the variables to be retrieved 
are: N2O, H2O, O3, CO2, CO, T, Ts and ε. And, in band B3, the variables to 
be retrieved are: N2O, H2O, T, Ts and ε. Note that ocean emissivity 
models are very accurate but we can expect more errors over land sur
faces due to unknowns about viewing-angle dependence of some surface 
types such as desert. A value of 1% over ocean is attainable but, above 
land surfaces, values ranging 2–5% can be expected (Loveless et al., 
2021), namely still less that the a priori error on surface emissivity (Δε) 
fixed to be 15% in our study. 

For each band, the Signal-to-Noise Ratio (SNR) associated with 
MIN2OS was tuned to be either three times or five times higher than the 
one associated with IASI-NG. Consistent with the study presented in 
Chalinel et al. (2021), the retrieval process was applied for the 2 × 15 
pixels presented in Fig. 3 and Table 2, which correspond to 2 extreme 
conditions in the TIR domain caused by the impact of the thermal 
contrast on the vertical sensitivity of the observations, namely in 
favorable (summer daytime) and unfavorable (winter nighttime) con
ditions over land and the ocean. 

Concretely, to determine for the MIN2OS project the spectral and 
vertical sensitivities, total random errors and contaminations, we have 
used spectral radiances measured by IASI over 0.5 cm− 1 resolution in the 
bands B1, B2 and B3 in the vicinity of 15 sites in favorable and unfa
vorable conditions. This set of 30 radiances is then spectrally interpo
lated into 0.25 cm− 1 to reach the IASI-NG and MIN2OS spectral 
resolutions. The noise associated to the 3 bands is then: 1) the IASI noise, 
2) the IASI-NG noise, and 3) the MIN2OS noise that is to say the IASI-NG 
noise divided either by 3 or by 5. The TN2OR V1.7 tool is then applied to 
the 2 × 15 spectral radiances consistent with IASI, IASI-NG or MIN2OS 
(SNR × 3 or 5 compared to the one of IASI-NG) to obtain vertical profiles 
and associated random errors of a set of geophysical variables including 
N2O. Three points are worthwhile mentioning. 1) The Optimal Estima
tion Method is an unbiased random retrieval method. As a consequence, 
we have not calculated systematic errors but we have estimated the 
contamination factor (Chalinel et al., 2021) on the N2O estimation 
induced by the parameters simultaneously retrieved (see Section 3.4). 2) 
The retrieved radiances are debiased against the observed radiances, 
this has the main advantage of lessening the impact of systematic errors 

(such as the spectroscopic errors) on the retrieved species. From 
Matricardi (2009), the differences between radiances observed by IASI 
and radiances calculated by RTTOV in the MIN2OS bands B1, B2 and B 
are ranging − 0.8 to 0.0 K, − 1.2 to 0.0 K and − 0.8 to 0.1 K, respectively 
in the Northern Hemisphere, − 1.6 to 0.4 K, − 1.2 to 1.2 K and − 1.0 to 
− 0.4 K, respectively in the tropics, and − 0.8 K to 0.2 K, − 1.2 to +1.6 K, 
and − 0.8 to 0.0 K, respectively in the Southern Hemisphere. And 3) the 
a priori temperature and H2O vertical profiles were taken from the 
official EUMETSAT IASI Level 2 products associated to the 2 × 15 pixels 
selected in favorable and unfavorable conditions (see Table 2 and 
Fig. 3); these profiles are shown in Figs. S5 and S6, respectively. 

Figs. 4 and 5 illustrate the averaging kernels calculated for one pixel 
selected over France in favorable and unfavorable conditions, respec
tively. Note that the N2O averaging kernels associated to the 2 × 15 
pixels selected in favorable and unfavorable conditions (see Table 2 and 
Fig. 3) are shown in the Supplementary Material in Figs. S7 and S8, 
respectively. The averaging kernel represents the vertical sensitivity 
contained in the observations. Increasing the SNR from IASI and IASI- 
NG instruments to the ones of MIN2OS increases the vertical sensi
tivity of the N2O observations, with an obvious lower-tropospheric peak 
in MIN2OS B1 and B2 during favorable conditions, even more pro
nounced in B2 than in B1 at 900 hPa. Three independent pieces of in
formation are found at 300, 600 and, in favorable conditions, at 900 
hPa. Whatever the conditions, retrievals in B3 show less sensitivity in 
the low troposphere compared to the ones in B1 and B2. The Degree-of- 
Freedom (DOF) characterizes the vertical information contained in the 
retrieval. In favorable conditions (Fig. 4), the DOFs in the MIN2OS B1 
and B2 reach ~2, while it is only 1.1–1.3 in IASI-NG; in B3, the MIN2OS 
DOF is only 0.9–1.0 while the IASI-NG DOF is 0.5. In unfavorable con
ditions (Fig. 5), MIN2OS DOFs in B1 and B2 (1.0–1.6) are still greater 
than IASI-NG DOFs (0.7–1.0) while, in B3, MIN2OS DOFs are even much 
lower (0.2–0.5). From this analysis and the 2 × 15 pixels selected in 
favorable and unfavorable conditions (Figs. S7 and S8, respectively), we 
definitely rejected the band B3 to get valuable N2O observations in the 
lower troposphere. 

We kept the B1 and B2 bands in MIN2OS for getting meaningful in
formation on N2O in the lowermost troposphere. We summarized the 
results obtained from MIN2OS using the best configuration (SNR × 5) 
over the bands B1 and B2 in Fig. 6. We show the DOF (calculated from 
the surface to the top of the atmosphere), the DOF-600 (calculated from 
the surface to 600 hPa) to quantify the vertical information contained in 
the lowermost tropospheric retrieval, and the sensitivity of the aver
aging kernels (defined as the value of the averaging kernels at a given 
pressure) at 900 hPa in bands B1 and B2 for the 15 pixels in 2 conditions 
(favorable and unfavorable). Along the vertical, DOFs show a higher 
sensitivity in B1 (1.5–2.0) than in B2 (1.0–1.5) in unfavorable conditions 
and a similar sensitivity (2.0–2.5) in favorable conditions. However, in 
the lowermost troposphere, B2 provides more sensitivity (0.8–1.2) than 
B1 (0.6–1.0) while, in unfavorable conditions, sensitivity in B1 is slightly 
higher (0.4–0.6) than in B2 (0.2–0.5). This means that overall, in B1, the 
sensitivity in the upper troposphere is higher than in B2. This is also 
confirmed by our analyses focusing on 300 hPa. Fig. S9 shows a com
parison of the MIN2OS sensitivity of the averaging kernels considering a 
IASI-NG SNR × 5 between the bands at 1200 cm− 1 (8 μm) and 2200 
cm− 1 (4 μm) for the 2 × 15 pixels (Fig. 3) in favorable (red and orange 
symbols) and unfavorable (dark and light blue symbols) conditions at 

Table 1 
Synthesis of the parameters setup in the TN2OR V1.7 retrieval scheme as a function of the 3 bands B1, B2 and B3: a priori information and error for N2O, CH4, H2O, O3, 
CO2, CO, temperature (T), surface temperature (Ts) and surface emissivity (ε).  

N2O CH4 H2O O3 CO2 CO T Ts ε 

B1, B2, B3 B1 B1, B2, B3 B2 B2 B2 B1, B2, B3 B1, B2, B3 B1, B2, B3 

N2Oap ΔN2O CH4ap ΔCH4 H2Oap ΔH2O O3ap ΔO3 CO2ap ΔCO2 COap ΔCO Tap ΔT Tsap ΔTs εap Δε 
HIPPO & 

LMDz 
0.8% MACC 2% IASI 20% MIPAS 30% MIPAS 2% MACC 20% IASI 0.5 K IASI 1.5 K Atlas 0.15  
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900, 600 and 300 hPa. This clearly illustrates that overall, in B1, the 
sensitivity of the 300-hPa averaging kernels (0.25–0.30) is higher than 
in B2 (0.17–0.28). In the middle troposphere (600 hPa), the sensitivity 
of the averaging kernels in bands B1 and B2 is similar (0.20–0.25).The 
sensitivity of the 900-hPa averaging kernels is similar in B1 and B2 in 
unfavorable conditions (0.0–0.2) but, in favorable conditions, the 
sensitivity is higher in B2 (0.2–0.5) than in B1 (0.1–0.4). The theoretical 
analysis so far does not allow us to differentiate clearly, between the 
spectral bands B1 and B2, which one performs better in providing op
timum information on N2O in the lowermost troposphere for any con
dition. In Section 3, we present further results of the SNRs expected from 
actual detectors. 

3. The MIN2OS instrumental concept 

3.1. Mission 

The MIN2OS instrument will be onboard a platform in synergy with 2 
other platforms expected to fly in 2031–2032. It will fly in time and 
space coincidence with Metop-SG carrying IASI-NG and Sentinel-2 NG 
so as to use surface properties such as temperature and emissivity, 
vertical profiles of atmospheric constituents (pollutants, GHGs and 
aerosols) and temperature to optimally estimate N2O vertical profiles in 
the retrieval procedure. Sentinel-2 NG will provide ancillary data on the 
soil, crop and management practices on the field scale, an added value to 
the N2O surface fluxes inverted in the MIN2OS project. Flying with 
Metop-SG constrains the altitude and the time of Equator crossing to 
about 830 km and 09:30 LT, respectively. The expected lifetime of the 
MIN2OS project is 4–5 years in order to study the interannual variability 
of N2O surface fluxes on the local and global scales for the first time. 

3.2. Instrument configuration 

To address major shortcomings in IASI and IASI-NG, namely a lack of 

information on N2O in the lowermost troposphere, we propose a novel 
TIR satellite instrument. Instead of expecting that the Noise Equivalent 
delta Radiance (NEdL) could be decreased by a factor 3–5 compared to 
that of the IASI-NG as we showed in Section 2, we used the actual 
configurations (SNR and horizontal resolution) of a set of 4 detectors 
(see Fig. 9). At 1300 cm− 1, LYNRED/SCORPIO and TELEDYNE/GEO
SNAP were chosen and, at 2200 cm− 1, we selected LYNRED/DAPHNIS 
and TELEDYNE/GEOSNAP. For both bands at any given horizontal 
resolution, the TELEDYNE detectors showed much less NEdL than the 
LYNRED detectors. Note that at 10-km resolution, the SNR associated 
with the 4 detectors was 4–7 times higher than the one from IASI-NG. 

3.3. Instrument performance 

We made calculations with TN2OR, consistent with Section 2, only 
modifying the SNR to the one from the 4 detectors at a 10-km resolution, 
namely the lowest noise reachable, considering the same 15 pixels in 
favorable and unfavorable conditions. Fig. 7 shows the averaging kernel 
sensitivity vs the total error calculated at 300, 600 and 900 hPa for the 4 
detectors in bands B1 and B2. On average, for any pressure level and 
band, the higher the sensitivity (ranging 0.0–0.7), the lower the total 
error (ranging 0.3–0.7%). At 300 and 600 hPa, the impact of the 
favorable conditions on the sensitivity and error is not obvious, except 
that the poorest sensitivity is always found in unfavorable conditions. At 
these two levels, on average, the sensitivity in B1 is slightly better than 
the sensitivity in band B2 by 0.2. Consistent with results obtained in 
Section 2.3, the sensitivity (and error) at 900 hPa: 1) is better by 0.4 in 
favorable than in unfavorable conditions and 2), in a given condition, is 
slightly better by 0.1–0.2 in band B2 than in band B1. As expected with 
the associated SNR, the sensitivity calculated with the TELEDYNE/ 
GEOSNAP detectors is higher by 0.1–0.2 than the one calculated with 
the LYNRED/DAPHNIS and LYNRED/SCORPIO detectors. 

However, several possible effects on the N2O retrievals need to be 
addressed: 

Table 2 
Location, latitude, longitude, date, time, day/night and surface pressure of the 2 × 15 MIN2OS pixels used in our study measured in favorable (summer daytime) and 
unfavorable (winter nighttime) conditions.  

Pixel # Location Latitude Longitude Date/2011 Time/UT Day/Night Surface P/hPa 

1 Canada 58.03◦N 118.08◦W 17 July 17:58 Day 961.47 
2 58.15◦N 117.86◦W 30 January 05:26 Night 991.3 
3 North Atlantic Ocean 49.47◦N 37.72◦W 12 July 13:00 Day 1017.07 
4 49.55◦N 37.37◦W 2 January 23:38 Night 1010.62 
5 France 45.99◦N 2.41◦E 2 July 09:45 Day 934.47 
6 46.12◦N 2.45◦E 19 January 21:03 Night 960.51 
7 Spain 40.61◦N 4.55◦W 20 July 10:15 Day 893.73 
8 40.58◦N 4.4◦W 2 January 21:54 Night 890.58 
9 China 34.0◦N 114.73◦E 14 July 02:14 Day 1010.66 
10 34.35◦N 114.8◦E 4 January 12:44 Night 1007.27 
11 USA 33.12◦N 92.82◦W 18 July 16:03 Day 1000.56 
12 32.81◦N 92.83◦W 6 January 03:34 Night 1019.15 
13 Sahara 23.07◦N 10.99◦E 9 July 09:46 Day 915.74 
14 23.07◦N 10.88◦E 6 January 20:25 Night 916.94 
15 India 22.52◦N 78.69◦E 27 July 04:30 Day 950.05 
16 22.46◦N 78.36◦E 8 January 16:20 Night 949.03 
17 Maritime Continent 2.08◦N 115.13◦E 30 July 01:52 Day 904.86 
18 0.54◦N 116.49◦E 5 January 13:54 Night 998.89 
19 Amazonia 1.56◦N 57.66◦W 11 July 13:34 Day 982.17 
20 1.74◦N 57.43◦W 12 January 01:20 Night 970.04 
21 Equatorial Africa 4.99◦S 21.94◦E 4 January 08:22 Day 956.58 
22 4.4◦S 22.39◦E 6 July 19:32 Night 948.33 
23 Brazil 18.05◦S 52.88◦W 6 January 12:48 Day 923.44 
24 19.13◦S 57.05◦W 4 July 01:35 Night 1014.21 
25 Australia 26.08◦S 133.12◦E 7 January 00:39 Day 945.65 
26 26.07◦S 133.15◦E 1 July 12:44 Night 956.67 
27 South Africa 28.99◦S 25.44◦E 6 January 07:46 Day 878.57 
28 29.11◦S 25.64◦E 1 July 19:29 Night 878.7 
29 South Pacific Ocean 33.58◦S 137.16◦W 5 January 18:17 Day 1018.99 
30 33.52◦S 137.02◦W 3 July 06:56 Night 1005.68 

The 2 × 15 MIN2OS pixels are also shown in Fig. 3. 
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3.3.1. Aerosol contamination 
The RTTOV model is able to consider aerosol impact on the IR ra

diances by using climatological vertical distributions of different types 
of aerosols. Aerosol information from the IASI spectra is now routinely 
retrieved (e.g., Clarisse et al., 2013; Cuesta et al., 2015) relying on the 
spectral band 750–1250 cm− 1. Sensitivity of aerosols in the LWIR and 
MWIR has been investigated with AIRS sensor (Peyridieu et al., 2010; 
updated in https://ara.lmd.polytechnique.fr/index.php?page=aeroso 

ls_old for IASI) considering mineral dust for aerosol optical depths 
(AODs) ranging 0.2–0.6: 1) above 1250 cm− 1, the impact of aerosol 
appears to be negligible (difference between clear sky radiance and 
aerosol-impacted radiance less than 0.2 K) while 2) between 2150 and 
2260 cm− 1, aerosol has non-negligible effects on the radiance from 0.5 
to 1.5 K, with its maximum impact around 2150 cm− 1. 

Fig. 4. N2O averaging kernels calculated with TN2OR for one pixel over France (see Fig. 3 and Table 2) in favorable conditions considering the 3 bands (B1, B2 and 
B3, from left to right) and 4 instrumental concepts (from top to bottom): IASI, IASI-NG, MIN2OS (SNR IASI-NG × 3) and MIN2OS (SNR IASI-NG × 5). 
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3.3.2. Non-Local Thermodynamic Effect (NLTE) effect 
The RTTOV model is also able to consider NLTE impact on the IR 

radiances. This effect is important in the 4 μm band. Since the N2O lines 
are mixed with the CO2 bands in this region, recent studies (Matricardi 
et al., 2018) have investigated this effect on daytime measurements. The 
difference between radiances with and without taking into account 
NLTE effects can reach 6 K around 2320 cm− 1, with a NLTE effect that is 
non-negligible over the region 2240–2390 cm− 1. 

3.3.3. Spectroscopy 
We are aware of some issues discussed in the community that will 

need to be investigated theoretically and in the laboratory by the group 

during phases 0 and A: 1) line mixing in the region around the Q-branch 
at 1306 cm− 1, 2) accuracy of the spectroscopic parameters describing 
the Voigt shape and their temperature dependence, and 3) contribution/ 
overlap of CH4 lines with those of N2O. 

3.3.4. Retrieval 
1) Contamination of the retrieved species other than N2O onto N2O 

retrieval errors: the retrieval contamination issues have already been 
tackled when retrieving N2O from IASI radiances with TN2OR V1.7. For 
MIN2OS, we have evaluated the contamination factor (Chalinel et al., 
2021) on the N2O estimation induced by the parameters to be simulta
neously retrieved. In band B1, H2O and CH4 impacted the N2O total 

Fig. 5. Same as Fig. 4 but for one pixel over France (see Fig. 3 and Table 2) in unfavorable conditions.  
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error by 0.1–0.3% (Fig. 8). Similarly, in band B2, H2O, O3 and CO 
impacted the N2O total error by ~0.7% (not shown). 2) Systematic er
rors (detectors, temperature, spectroscopy) will need to be specifically 
investigated when adapting our TN2OR tool to the MIN2OS final speci
fications during phases 0 and A. As a consequence, to minimize aerosol 
contamination and NLTE effect on the radiances, we reduced the total 
bandwidth of the 2 bands to B1 (1250–1330 cm− 1) and B2 (2150–2240 
cm− 1). 

3.4. Instrument and project specification synthesis 

In summary, using highly-sensitive detectors, three independent 
pieces of information in the N2O vertical profile could be obtained 
within the MIN2OS project by retrieving the radiances measured in both 
bands B1 (1250–1330 cm− 1) and B2 (2150–2240 cm− 1): at 900 hPa 

(specific to MIN2OS), 600 hPa (middle troposphere same as with IASI- 
NG and GOSAT-2) and 300 hPa (upper troposphere same as with IASI, 
IASI-NG, GOSAT and GOSAT-2). The standard deviation error on one 
single pixel of 10 × 10 km2 is calculated to be lower than the one esti
mated for IASI and GOSAT, namely less than 1% at all levels, reaching 
0.2–0.8% (0.8–2.7 ppbv) at 900 hPa. The N2O observation in the 
lowermost troposphere is highly dependent on the conditions encoun
tered: over land, with high sensitivity in favorable conditions, such as in 
summer daytime, and low sensitivity in unfavorable conditions, such as 
in winter nighttime, and, over the ocean, opposite to over land. For 
information, since one configuration has been chosen to develop the 
MIN2OS technical concept focusing on B1 with a GEOSNAP detector, we 
show the associated averaging kernel, total error and contamination 
factor (as defined in Chalinel et al., 2021) averaged over the 15 pixels 
considered in favorable and unfavorable conditions (Fig. 8). Averaging 

Fig. 6. Comparison of the MIN2OS sensitivity considering a IASI-NG SNR × 5 between the bands at 1200 cm− 1 (8 μm) and 2200 cm− 1 (4 μm) for the 2 × 15 pixels 
(Fig. 3) in favorable (red and orange symbols) and unfavorable (dark and light blue symbols) conditions: (left) DOF (calculated from the surface to the top of the 
atmosphere), (middle) lowermost tropospheric DOF (calculated from the surface to 600 hPa) and (right) sensitivity of the averaging kernels at 900 hPa. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Averaging kernel sensitivity vs total error calculated over the 2 × 15 pixels in favorable (summer daytime, red) and unfavorable (winter nighttime, blue) 
conditions at 300 (left), 600 (centre) and 900 hPa (right) considering the NEdL associated with the 4 detectors with a 10-km horizontal resolution: LYNRED/ 
SCORPIO (star) and TELEDYNE/GEOSNAP (circle) at 1300 cm− 1, LYNRED/DAPHNIS (plus) and TELEDYNE/GEOSNAP (square) at 2200 cm− 1. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

P. Ricaud et al.                                                                                                                                                                                                                                  



Remote Sensing of Environment 266 (2021) 112688

11

kernels peak at 900 hPa, with a DOF ~3, a total error < 1% and mainly 2 
constituents (H2O and CH4 and, to a lesser extent, surface emissivity) 
contaminate N2O in the lowermost troposphere (0.1–0.2%). 

4. The MIN2OS system solution 

4.1. The MIN2OS optical payload 

Our theoretical study (Section 3) shows that two bands can be used to 
optimally retrieve N2O in the lowermost troposphere at 8 (B1) and 4 μm 
(B2). In the present study, we have considered both bands and several 
detectors. The main instrument is an imaging spectrometer composed of 
an entrance telescope, a slit, and a spectrometer made of a collimator, a 
diffraction grating, imaging optics and a detection module. The instru
ment is sized to provide a horizontal resolution of 10 km from an altitude 
close to 800 km. In complement to the spectrometer, a wide field and 
high horizontal resolution TIR imager is implemented for cloud detec
tion with an improved spatial resolution of 1 km. The two instruments 
are sharing a common calibration system including calibration black
body. Several design options have been investigated for the spectrom
eter, with two candidate spectral bands suitable to the mission 
objectives, at 4 and 8 μm. Several candidate detectors have been 
analyzed, providing different instrument characteristics and radiometric 
performance levels. 

4.1.1. Main instrument requirements 
Two candidate spectral bands are considered at mission level: spec

tral band B1, centered on 1290 cm− 1, and spectral band B2, centered on 
2205 cm− 1. The spectral resolution requirement is based on the IASI-NG 
spectral resolution of 0.25 cm− 1, with an oversampling factor of 2. The 
resulting resolving power is 5160 for B1 and 8820 for B2. The selected 
orbit is based on the Sentinel-2 orbit (786 km); the required horizontal 
resolution is below 10 km, with a minimum swath width at least equal to 
Sentinel-2 MSI (290 km). The radiometric noise requirement is set at a 
reference temperature of 280 K, with a Noise Equivalent differential 
Temperature (NEdT) about five times lower than the IASI-NG require
ment, for a spatial sampling distance of 10 km. The MIN2OS payload will 
also include a cloud imager to discard cloudy and/or partly-cloudy 
pixels. The actual analysis was performed by considering cloud-free 
pixels only.This imager must operate in the TIR band in order to be 
operational during day and night. The instrument technology is using a 
microbolometer array operated near ambient conditions. 

4.1.2. Candidate detector arrays 

4.1.2.1. Spectral band B1. Three detector arrays have been identified as 
possible candidate to cover the spectral band B1: the SCORPIO and 
DAPHNIS arrays from Lynred, and the GEOSNAP array from Teledyne. 
The SCORPIO LongWave InfraRed (LWIR) is a 640 × 512 pixels IR 

detector produced by Lynred since 2010. The DAPHNIS LWIR corre
sponds to DAPHNIS MidWave InfraRed (MWIR) ROIC coupled to Lynred 
LWIR photodiodes. Despite its large format (1280 × 720 pixels), a full 
frame rate as high as 85 Hz can be reached thanks to the implementation 
of digital output, offering 80 Mpixel/s output rate. The GEOSNAP/ 
CHROMA-D corresponds to a family of 18-μm pixel pitch MCT IR de
tectors developed by Teledyne US mainly for Earth Observation from 
space. 

4.1.2.2. Spectral band B2. Two detector arrays have been identified as 
possible candidate to cover the spectral band B2: the DAPHNIS array 
from Lynred, and the GEOSNAP array from Teledyne. The DAPHNIS 
MWIR ROIC for band B2 is similar to the DAPHNIS LWIR ROIC described 
above. GEOSNAP for B2 is similar to the one proposed for B1 except that 
MWIR MCT p/n photodiodes are used, offering an even larger Tech
nology Readiness Level (TRL) (≥ 6) thanks to ongoing space programs 
(e.g., the James Webb Space Telescope) using similar 18-μm pitch MWIR 
photodiode technology. 

4.1.2.3. Cloud Imager. The uncooled detector technology is selected for 
the Cloud Imager. The PICO1024Gen2 is a COTS microbolometers 2D 
array manufactured by Lynred, featuring a 1024 × 768-pixels format 
with a 17-μm pixel pitch. 

4.1.3. Cooling system 
Considering the requested spectrometer and detector temperature, 

active cooling is a robust solution e.g. with fully qualified Air Liquid 
LPTC two-stage pulse-tube cooler, already implemented on IASI-NG. 
Alternatively, active detector cooling with its IDDCA, combined with 
spectrometer passive cooling may be considered, especially in case of 
nadir pointing only. 

4.2. Optical performance 

4.2.1. Optical quality 
All instrument design cases provide very good optical quality with 

spot diagrams RMS diameter smaller than the pixel size, with values well 
below the Airy diameter. 

4.2.2. Cloud Imager 
The cloud imager consists in a refractive camera combined with a 

microbolometer detector array operating at ambient temperature. The 
PICO 1024 array from Lynred is selected: the array features 1024 × 768 
pixels at 17-μm pitch. 

4.3. Radiometric performances 

4.3.1. Spectrometer 
The radiometric performances have been estimated using a signal-to- 

Fig. 8. (Left) Averaging kernel sensitivity, (center) total error (%) and (right) contamination factor (%) calculated over the 2 × 15 pixels in favorable and unfa
vorable conditions with the GEOSNAP detector in band B1. 
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noise model of the instrument including typical optical transmission 
data and detector characteristics. The instrument is operating in push- 
broom mode. 

4.3.2. Instrument operating temperature 
The required detector and spectrometer temperatures have been 

determined to provide a limited contribution to the overall noise budget 
according to the available detector noise models. The operating tem
perature of the Teledyne array is about 10 K higher than for the Lynred 
arrays. 

4.3.3. Noise budget 
The detector array and spectrometer temperatures have been 

determined to provide noise contributors consistent with the photonic 
signal levels. Typical models have been used. The gain factor of 5 with 
regard to IASI-NG is so achievable in most of the cases, with significant 
margin using the GEOSNAP array (Fig. 9). 

4.3.4. Cloud imager 
The radiometric performances are estimated using the Airbus inter

nal performance model of the PICO 1024 detector array. We consider an 
along-track spatial sampling equal to the native spatial resolution, i.e., 
0.333 km. 

4.4. Implementation 

A tentative accommodation of the instrument on a platform has been 
performed to get an estimate of the required satellite resources (Fig. 10). 
For this exercise, the spectral band B1 has been considered, on the basis 
of the GEOSNAP array, which corresponds to the largest instrument 
case. The spectrometer optics are mounted on a main baseplate. The 
optics are split into two units: the telescope and collimator unit, and the 
imaging optics unit. The TIR camera and the spectrometer share the 
same calibration mechanism. 

4.5. Instrument properties 

Table 3 synthesizes the instrument budget: mass, volume, power, etc. 

5. The MIN2OS mission 

5.1. The MIN2OS orbit 

The mission is directly driven by the need to fly in convoy mode with 
Metop-SG embedding IASI-NG. Considering that both ocean and land 
have to be covered and that imaging is performed both during day and 
night, Fig. 11 illustrates the resulting mission performances of the sys
tem. As a result, all land is accessed both in day and night conditions 
over the complete 29 days of orbital cycle. 

Regarding satellite operations, the MIN2OS mission is simple and 
repetitive, which allows us to implement a simple operation scheme, 
with limited frequency of Telemetry, Tracking & Command contacts 
(typically once every few days). Regarding the payload data download, 
the amount of data to be downloaded is particularly limited. But the 
payload data latency required may be short, in the order of 5–10 h. This 
implies that payload data would potentially have to be downloaded 
almost every orbit, which would be a significant constraint on the 
payload ground station antennas network selection. 

5.2. MIN2OS platform and satellite configuration 

The MIN2OS satellite is dedicated to a single imaging spectrometer 
instrument. The satellite design is driven by the instrument design, the 
need to acquire images continuously over the orbit (including night 
time), the minimization of development risks through an extensive reuse 
of already developed and validated elements and the end of life 
deorbitation. 

5.2.1. MIN2OS platform built around Astrobus avionics 
The platform identified to best suit the MIN2OS mission will be built 

around the Astrobus standard avionics. AstroBus is Airbus' Low Earth 
Orbit (LEO) avionics product. It comprises a suite of flight hardware, 
software, documentation, test benches and tools, implemented and 
managed as an avionics product. It is maintained to adopt improve
ments/issues from individual projects, shared and addressed for the 
benefit of current and future projects. Projects based on an avionics 
product benefit from proven elements already developed, validated and 
flown together. 

5.2.2. Satellite configuration 
The payload is directly accommodated on the top floor of the plat

form, as shown in Fig. 12. The platform is a simple box-shaped structure, 
with a stable top floor to be used for platform interface. The star trackers 
can be mounted on the top floor for improved pointing performances. 
With respect to the accommodation, a great care is brought to ensuring 
the feasibility of harness installation, satellite accessibility, testability 
and dismountability. Scientific data downlink is ensured in X-band, 
thanks to the moderate data volume generated by the instrument. The 
proposed platform product can easily be customized with a Ka-band 
system such as the one baselined for Copernicus LSTM. All other func
tional chains (electrical power, S-band, payload data handling and 
transmission, propulsion) are defined in the AstroBus standard, and 
fulfill all the needs and performance requirements of the MIN2OS 
mission. The modular central software is also part of the platform 
product, and is designed so as to be easily adapted to any mission. 

Such a platform largely covers the 5 years lifetime as required as a 
minimum by the mission. The suitability of a standard platform designed 
for Earth Observation is confirmed thanks to MIN2OS main mission 

Fig. 9. Noise Equivalent differential Temperature (NEdT) @ 280 K as a function of the ground spatial sampling distance in band B1 (left) and B2 (right).  
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requirements. The constant power demand from the instrument is lower 
than that of other high-resolution instruments. The permanent nadir 
pointing offers a stable thermal environment, and does not put agility 
constraints on the attitude control subsystem. Finally, fair pointing 
stability and geolocation requirements are a consequence of the in
strument 10-km resolution, and can be easily ensured with the proposed 
platform class. 

VEGA-C launcher is considered as the reference launcher. More 
specifically the presented configuration is largely compatible with 
VESPA-C from volume point of view, thus offering the possibility to have 
a co-passenger to largely limit launch costs. Also, the Sun Synchronous 
09:30 LT at Descending Node is a common orbit giving many possibil
ities of compatibility with other satellites as co-passenger. 

A total mass budget of 430 kg has been estimated. The propellant 
budget was computed with the following assumptions: 1) altitude of 
820 km with a reference surface of 10 m2, 2) ISP of 210 s (hydrazine), 
and 3) 7 years lifetime, assumption of worst-case phasing with solar 
activity. 

6. N2O sources 

6.1. Source inversion 

N2O fluxes can be estimated by TD approaches from observations of 
N2O mixing ratio assimilated into an atmospheric inversion system (e.g., 
Huang et al., 2008; Thompson et al., 2014; Bergamaschi et al., 2015; 
Thompson et al., 2019). Up to now, however, inversions had to rely on 
sparse ground-based networks owing to the lack of satellite observations 
with the necessary sensitivity and precision. Our innovative TD 
approach will use space-borne observations of N2O vertical profiles over 
land and ocean, with sensitivity to the lowermost troposphere around 
800 hPa, going down to 900 hPa in favorable conditions such as in 
summer during daytime (see Section 3). We will develop the capacity for 
global- and regional-scale inverse modelling using satellite N2O re
trievals. We will use existing Chemical Transport Models (CTMs) and 
their adjoint models. One of the candidate models for the global scale is 
Laboratoire de Météorologie Dynamique (LMDz5), which is used for the 
Copernicus Atmosphere Monitoring Service (CAMS) N2O inversions and 
currently has a horizontal resolution of 3.75◦ × 1.875◦ (Thompson et al., 
2019). We will increase the horizontal resolution to 1◦ × 1◦ and incor
porate the assimilation of satellite data of N2O. For the regional scale, 
candidate models are the Eulerian CTM, CHIMERE (Menut et al., 2013), 
and the Lagrangian particle dispersion model, FLEXible PARTicle 
dispersion model (FLEXPART; Pisso et al., 2019) for high resolution (10 
× 10 km2) inversions (Fig. 13 left). The models will be driven with 
meteorological reanalyses from European Centre for Medium-Range 
Weather Forecasts (ECMWF), such as the new ECMWF Reanalyses v5 

Fig. 10. Instrument accommodation.  

Table 3 
Synthesis of the instrument properties: mass, volume, power and data rate.  

Property Value 

Mass 91.4 kg 
Volume 1200 × 600 × 300 mm3 

Power 167 W 
Data Rate 200 MBits/s (spectro) & 6.4 kbits/s (camera)  

Fig. 11. Mission performance illustration: (left) areas observed over 1 day and considering both ascending and descending orbits visibilities, (center) considering 
only descending orbits visibilities and (right) maximum revisit delays considering only descending orbits (ascending case would give the same results). 

P. Ricaud et al.                                                                                                                                                                                                                                  



Remote Sensing of Environment 266 (2021) 112688

14

(ERA5) reanalysis available hourly at a 30-km horizontal resolution for 
global-scale modelling, and the High RESolution (HRES) analysis data 
available hourly at a 10-km resolution for regional-scale modelling. 

For all CTMs, the optimization will be based on Bayesian statistics 
and will use existing optimization algorithms, such as the Quasi-Newton 
algorithm, M1QN3. Furthermore, we will make use of the new Com
munity Inversion Framework (CIF), which is an open-source Python 
toolbox for atmospheric inversions, developed in the framework of the 
H2020 project VERIFY (Berchet et al., 2020), and we will further 
contribute to its development, especially in terms of the assimilation of 
high-resolution satellite data. The CIF is based on the PyVAR system 
used for N2O (Thompson et al., 2014; Bergamaschi et al., 2015; 
Thompson et al., 2019), CO2 (Chevallier et al., 2010; Broquet et al., 
2011; Chevallier et al., 2014; Monteil et al., 2020), CH4 (Pison et al., 
2009; Cressot et al., 2014; Bergamaschi et al., 2015; Pison et al., 2018) 

and CO and NOx (Fortems-Cheiney et al., 2019). The CIF is already 
interfaced with the CTMs: LMDz5 (global scale), FLEXPART (global and 
regional scales) and CHIMERE (regional scale). It includes the varia
tional inversion method (among other methods) and can be used to 
assimilate satellite data, as well as surface measurements. It is currently 
used for projects dealing with GHGs (H2020 VERIFY (https://verify.lsce 
.ipsl.fr/) and CHE (https://che-project.eu/) projects and the French 
Agence Nationale de la Recherche (ANR) ARGONAUT project 
(https://anr.fr/Project-ANR-19-CE01-0007)) as well as reactive species 
(H2020 VERIFY, and the French ANR projects ARGONAUT and 
POLEASIA (http://www.lisa.u-pec.fr/projets/?id=1269)). An advan
tage of using different CTMs is the possibility to assess the impact of 
atmospheric transport errors in the posterior fluxes. 

We show two examples of N2O source inversions. Firstly, a technical 
demonstration of the source inversion system CIF set up to assimilate 

Fig. 12. Imaging spectrometer instrument accommodation on AstroBus platform.  

Fig. 13. (Left) Surface N2O as calculated by FLEXPART in July 2011 over Europe at 25-km resolution. Some of the N2O hotspots are industrial sources, namely nitric 
acid plants (e.g. in northeast Germany, Sweden and Norway) and not agricultural sources. (Right) Source inversion system CIF set-up to assimilate IASI TN2OR 
observations at 300 hPa on 1 July 2011 (a) into CHIMERE in a domain covering France at a 10 × 10 km2 horizontal resolution. From the prior N2O fluxes (b) by 
EDGAR v5, the prior equivalents of the observations are simulated by CHIMERE (c). After 10 iterations, the posterior fluxes (d) and concentrations at 300 hPa (e) 
are obtained. 
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IASI TN2OR observations at 300 hPa on 1 July 2011 into CHIMERE in a 
domain covering France at a 10 × 10 km2 horizontal resolution is shown 
Fig. 13 right. From the prior N2O fluxes (b) by Emissions Database for 
Global Atmospheric Research (EDGAR) v5 (Crippa et al., 2019), the 
prior equivalents of the observations are simulated (c). The source 
inversion system minimizes the differences between the observations (a) 
and the simulations (c) by correcting the prior fluxes (b). After 10 iter
ations, the posterior fluxes (d) and the concentrations at 300 hPa (e) 
simulated with the posterior fluxes are obtained. The reduction of the 
differences between the posterior concentrations (e) and the observa
tions (a) shows that the inversion system behaves optimally. Secondly, 
the PyVAR-CAMS system has assimilated over the period of July 2011: 
1) in a first inversion, the NOAA N2O surface observations, 2) in a second 
inversion, the IASI TN2OR N2O Total Columns over land and daytime, 
and 3) in a third inversion, the IASI TN2OR N2O Total Columns over land 
and the ocean during daytime and nighttime. The uncertainty reduction 
in the surface fluxes shows the actual impact of the observations onto the 
inverted fluxes. The uncertainty reduction is calculated as one minus the 
ratio of the posterior to prior uncertainty for each grid cell. The posterior 
uncertainty is calculated using a Monte Carlo ensemble of inversions 
each with a perturbed prior according to the method of Chevallier 
(2007). When using NOAA surface data, the uncertainty reduction can 
reach high values (~50%) over areas where surface observations are 
available (Northern America, Europe and East Asia) (Fig. 14 top left) but 
is very weak (<5%) over the tropics, subtropics and southern hemi
sphere owing to a lack of observations. When using IASI space-borne 
observations over land and daytime, the uncertainty reduction is on 
average greater than 10% over land and could reach high values (~25%) 
over the tropics (South America, Africa, India, South-East Asia) in areas 
where surface observations are not available (Fig. 14 bottom left). 

When using all IASI observations (land/ocean and daytime/night
time), the uncertainty reduction is on average similar to the uncertainty 
reduction obtained when assimilating only IASI ocean/daytime obser
vations (Fig. 14 top right) although slightly smaller (~20%) except at 
high latitudes (Siberia and Canada) and over the ocean where it is 
greater (25–30%). Note again the lack of observations over these 
particular regions, which underlines the complementarity of spaceborne 
and surface observations. 

The impact of assimilating either NOAA or IASI observations over 
land/daytime or over land/ocean/daytime/nighttime on the surface 
flux in a synthetic data experiment is shown in Fig. 15. Consistent with 

uncertainty reduction maps, the N2O fluxes are mainly modified in the 
Northern Hemisphere over land, where the NOAA sites are located, 
when assimilating surface observations while, when using the IASI ob
servations, the N2O fluxes are also impacted in the tropics and over the 
Indian sub-continent. There is consistency between IASI- and NOAA- 
derived N2O flux adjustments over USA and Siberia and Eastern China 
only when considering IASI daytime data. The negative adjustment in 
N2O flux observed in NOAA data over Eastern Canada is not present in 
the IASI data, and the positive adjustment in NOAA-derived N2O flux 
observed in NOAA data over Europe is not so high in the IASI data. The 
real impact of space-borne observations on the derived surface flux 
compared to surface observations is over South America, Equatorial 
Africa, the Indian sub-continent and South-East Asia and Australia. The 
“true” pattern of flux differences (labelled as “Reference”) shows basi
cally the same distribution as the ones calculated with IASI and NOAA 
data but with amplitudes significantly larger by a factor 2–3 on average. 

6.2. Modelling 

The seasonal variability of modelled surface N2O demonstrates how 
limited our knowledge is about the processes affecting tropospheric 
N2O, which represents the combined effects of surface fluxes as well as 
atmospheric transport and chemistry. The same N2O inventories were 
used in three state-of-the-art CTMs (LMDz5, FLEXPART and Model for 
Interdisciplinary Research on Climate – version 4 (MIROC-4, Patra et al., 
2018)) to examine the impact of modelled transport on tropospheric 
N2O variability for the year 2011 (Fig. 16). Especially at high latitudes, 
the models have difficulties in capturing the phase and amplitude of the 
observed seasonality (Fig. 16 left). The annual mean meridional 
gradient in surface N2O with respect to the South Pole station (Fig. 16 
right) is underestimated by the models (~1.25 ppbv in the models and 
~ 1.75 ppbv in NOAA data from the South Pole to 30◦N) suggesting an 
underestimate of the tropical and northern hemisphere sources in the 
inventory. 

In Fig. 17, global-scale distributions of N2O horizontal variability 
taken from IASI TN2OR V1.7 (Chalinel et al., 2021) in July 2011 also 
reveal higher values (+3%) at 300 hPa over the tropics (with local 
maximum over Africa) than at high latitudes (− 3%). This variability is 
reduced in the PyVAR-CAMS inversion products with tropical maxima of 
+1% (no local maximum over Africa) and minima of − 1% at high 
latitudes. 

Fig. 14. Uncertainty reduction (0–1) in the N2O surface flux obtained in PyVAR-CAMS when assimilating (top left) NOAA N2O surface observations, (bottom left) 
IASI TN2OR N2O Total Columns over land during daytime, (top right) IASI TN2OR N2O Total Columns over land and the ocean during daytime and nighttime in 
July 2011. 
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A process-based model will be used to calculate local to regional N2O 
fluxes from agroecosystems on a daily basis. The STICS soil-crop model 
(Brisson et al., 1998; Bergez et al., 2014) describes and integrates bio- 
physical-chemical processes related to the functioning of the agricul
tural cropping systems which accounts for agricultural management 
practices. The majority of process-based models that can predict N2O 
emissions (e.g., STICS; DeNitrification-DeComposition (DNDC), Giltrap 
et al., 2010; Daily Century (DayCent), Del Grosso et al., 2005) have daily 
outputs. Being one dimensional, they need to run on actual or concep
tual homogeneous sub-units in term of soil, crop and management 
practices. Insofar that spatial databases of soil properties, crop identi
fication and associated management practices are available, they can 
provide explicit regional N2O emission predictions in response to cli
matic conditions. STICS crop model has a built-in capability of reiniti
alizing missing spatial information such as seeding dates, seeding 

density and soil moisture at field capacity using leaf area index derived 
from satellite observations such as Landsat or Sentinel-2 (e.g., Jégo 
et al., 2012, 2015). Therefore, it can be run for large agricultural regions 
using relevant soil, crop, and climate databases. 

6.3. Validation 

The validation of space-borne atmospheric N2O is a difficult process 
since there is a lack of N2O observations in the troposphere, the vast 
majority of atmospheric N2O measurements being at the surface 
(ground-based sites) and in the stratosphere (satellites). Nevertheless, 
aircraft campaigns (e.g., HIAPER Pole-to-Pole Observations (HIPPO); 
National Oceanic and Atmospheric Administration (NOAA) and Atmo
spheric Tomography Mission (ATOM), National Aeronautics and Space 
Administration (NASA)), ground-based networks using Fourier- 

Fig. 15. Impact on the N2O surface flux obtained by PyVAR-CAMS in a synthetic data experiment when assimilating (top left) NOAA N2O surface observations, 
(bottom left) IASI TN2OR N2O Total Columns over land and daytime, (top right) IASI TN2OR N2O Total Columns over land, ocean, daytime and nighttime in July 
2011. The “true” pattern of flux differences (labelled as “Reference”) is presented in the bottom right panel with a colour table different from the 3 other panels. 

Fig. 16. (Left) Seasonal cycle of N2O measured at the surface of 12 stations in 2011 (black) and calculated by LMDz (blue), FLEXPART (green) and MIROC-4 (orange) 
from the northern to the southern high latitudes. (Right) Observed and calculated annual mean meridional gradient in surface N2O with respect to the South Pole 
station. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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transform infrared spectroscopy (FTIR) detectors (e.g., Network for the 
Detection of Atmospheric Composition Change, NDACC; Total Carbon 
Column Observing Network, TCCON), and space-borne observations (e. 
g., GOSAT-2, IASI-NG) will help assessing the quality of MIN2OS ob
servations. As an example, retrievals of IASI TN2OR N2O at 300 hPa have 
been compared with HIPPO and NOAA airborne observations (Chalinel 
et al., 2021). On average, IASI N2O behaved consistently with HIPPO 
and NOAA data (correlations of 0.65–0.68), a bias of 1.52–1.87 ppbv but 
a higher variability (by a factor 2) is found in IASI data compared to 
HIPPO and NOAA data. 

Surface N2O fluxes and vertical N2O profiles obtained within the 
MIN2OS project will be validated against in situ surface measurements 
obtained within the Integrated Carbon Observation System (ICOS)-At
mosphere and ICOS-Ecosystem networks, the Network for the Detection 
of Atmospheric Composition Change (NDACC), the AirCore innovative 
atmospheric sampling system, together with coincident space-borne 
observations (e.g., IASI-NG on MetOp-SG). Dedicated campaigns in 
Germany and Italy could be organized through the Modelling European 
Agriculture with Climate Change for Food Security (MACSUR) initiative. 

7. Conclusions 

The MIN2OS project aims at monitoring nitrous oxide (N2O) sources 
on the global scale at a spatial resolution of 1◦ × 1◦ and on the regional 
scale at a high spatial resolution (10 × 10 km2) by inverting surface 

fluxes from N2O space-borne measurements sensitive to the lowermost 
atmospheric layers under favorable conditions. The emission inventories 
of N2O provided by MIN2OS will contribute to quantifying the Earth's 
radiative forcing on the global scale and on a weekly to monthly basis 
depending on the application (e.g., agriculture, national inventories, 
policy, scientific research). Our novel approach is based on the devel
opment of: 1) a space-borne instrument operating in the TIR domain 
inherited from a more sensitive version of the Infrared Atmospheric 
Sounding Interferometer (IASI) and the Infrared Atmospheric Sounding 
Interferometer-New Generation (IASI-NG) instruments, providing N2O 
mixing ratio, in clear sky conditions, in the lowermost atmosphere (900 
hPa) under favorable conditions (summer daytime) over land and under 
favorable and unfavorable (winter nighttime) conditions over the ocean 
and 2) an inversion source model to estimate, from atmospheric satellite 
observations, N2O surface fluxes. 

To fulfill the MIN2OS objectives, a new TIR instrument will be 
developed. Our study shows that two bands can be used to optimally 
retrieve N2O in the lowermost troposphere at 8 (spectral band B1) and 4 
μm (spectral band B2) with 4 highly-sensitive detectors (signal-to-noise 
at least better by a factor 5 than the one of IASI-NG). Our scientific re
quirements can be reached whatever the detector and the band used. 
The MIN2OS baseline instrument will finally be centered on the N2O 
spectral band B1 at 1250–1330 cm− 1, with a resolution of 0.125 cm− 1, a 
Full Width at Half Maximum of 0.25 cm− 1 and a swath of 300 km. It will 
be on-board a platform at ~830 km altitude crossing the Equator in 

Fig. 17. Horizontal distribution of the monthly-averaged variability of N2O at 300 hPa from IASI TN2OR V1.7 (Chalinel et al., 2021) within 1◦ × 1◦ pixels (top) and 
in PyVAR-CAMS model (bottom) in July 2011. 
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descending node at 09:30 local time in synergy with 2 other platforms 
expected to fly in 2031–32: 1) in time and space coincident with Metop- 
SG that will contain IASI-NG to use surface properties and vertical 
profiles of atmospheric constituents and temperature to optimally 
constrain the retrieval of N2O vertical profiles and 2) with Sentinel-2 NG 
to use agricultural surface information on the field scale (crop types, 
area, management practices) with no need of synchronization. The 
lifetime of the MIN2OS project could be 4–5 years to study the inter
annual variability of N2O surface fluxes. In this configuration, the 
spectral noise can be decreased by at least a factor 5 compared to the 
lowest noise accessible to date with the IASI-NG and the Greenhouse 
gases Observing SATellite-2 (GOSAT-2) missions. The horizontal reso
lution is expected to be 1◦ × 1◦ on the global scale and 10 × 10 km2 on 
the regional scale, consistent with the resolution of state-of-the-art 
regional transport and source inversion models. With the MIN2OS 
project, N2O will be obtainable from three separate atmospheric layers: 
in the lowermost troposphere around 900 hPa (specific to MIN2OS), in 
the middle troposphere around 600 hPa (like IASI-NG and GOSAT-2) 
and in the upper troposphere around 300 hPa (like IASI, IASI-NG and 
GOSAT-2). The N2O total random error is expected to be less than ~1% 
(~3 ppbv) along the vertical, reaching 0.2–0.6% at 900 hPa in favorable 
conditions. 

The main instrument is an imaging spectrometer operating at 8 μm 
and composed of an entrance telescope, a slit and a spectrometer made 
of a collimator, a diffraction grating, an imager and a detection module. 
It provides a swath of 300 km and a resolution of 10 × 10 km2. The 
instrument dimensioning is largely driven by the requirement to have a 
signal-to-noise that is at least better than a factor 5 compared to the one 
of IASI-NG. The preliminary design of the MIN2OS project results in a 
small instrument (payload of 90 kg, volume of 1200 × 600 × 300 mm3) 
with, in addition to the spectrometer, a wide field and 1-km resolution 
imager desirable for cloud detection. It results in a possible accommo
dation of the instrument(s) on a small platform, the whole satellite being 
largely compatible with a dual launch on VEGA-C. The main trade-offs 
on spectrometer design are at the level of detector technology (pre
liminary baseline is a TELEDYNE GEOSNAP 2048 × 1024 matrix), 
reflective or refractive optical design (preference for refractive design), 
optical material, slit, active or passive cooling, selection of grating 
technology. 

The source inversion system will be based on the Community 
Inversion Framework, using CTMs that include photochemical loss of 
N2O in the stratosphere. Globally, we aim at a global horizontal reso
lution of 1◦ × 1◦ for the source inversion, which will be a significant 
improvement of the current state-of-the-art of ~3◦ × 2◦. In addition, we 
will use regional CTMsfor source inversions with a high target resolution 
of 10 × 10 km2. Maps of N2O flux analyses will be provided at a weekly 
to monthly time resolution for several years, and will be used to estimate 
national and regional scale emissions. With accurate emission estimates 
from the TD approach together with land-biosphere models to estimate 
the natural sources, we aim at reducing the uncertainties of the 
anthropogenic emissions on the national scale. Local N2O fluxes from 
agricultural fields will also be predicted using the 1-D process-based 
crop model (STICS), developed for a large range of crops and cropping 
systems and adapted in various agricultural regions of the world 
(Europe, Canada, Asia, Africa). Vertical profiles of N2O will be validated 
against measurements from international networks as well as dedicated 
intensive field campaigns. 

The MIN2OS project will produce the expertise needed for producing 
high spatiotemporal resolution N2O fluxes, which will be delivered to 
the user community (research scientists, agricultural policy makers, and 
other stakeholders) and will help verify the implementation and impact 
of policies and support international initiatives such as the IPCC and the 
Paris Agreement. We expect that the N2O flux estimates from MIN2OS 
will facilitate management strategies, e.g., by optimizing agricultural 
management practices to minimize N2O emissions, and mitigate emis
sions of this important GHG. The MIN2OS project was submitted to the 

European Space Agency (ESA) Earth Explorer 11 (EE11) mission ideas. 

Funding and acknowledgements 

The TN2OR project is funded by the Région Occitanie, the University 
of Toulouse, the Institut National des Sciences de l'Univers (INSU)/ 
Centre National de la Recherche Scientifique (CNRS), Météo-France, the 
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Lavanant, L., Hadji-Lazaro, J., Herbin, H., Jacquinet-Husson, N., Payan, S., 
Péquignot, E., Pierangelo, C., Sellitto, P., Stubenrauch, C., 2014. Towards IASI-New 
Generation (IASI-NG): impact of improved spectral resolution and radiometric noise 
on the retrieval of thermodynamic, chemistry and climate variables. Atmos. Meas. 
Tech. 7, 4367–4385. https://doi.org/10.5194/amt-7-4367-2014. 

Crippa, M., Guizzardi, D., Muntean, M., Schaaf, E., Lo Vullo, E., Solazzo, E., Monforti- 
Ferrario, F., Olivier, J., Vignati, E., 2019. EDGAR v5.0 Greenhouse Gas Emissions. 
European Commission, Joint Research Centre (JRC) [Dataset] PID. http://data. 
europa.eu/89h/488dc3de-f072-4810-ab83-47185158ce2a. 

Cuesta, J., Eremenko, M., Flamant, C., Dufour, G., Laurent, B., Bergametti, G., 
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