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Abstract: Nitrous oxide (N2O) is the third most abundant anthropogenous greenhouse gas (after
carbon dioxide and methane), with a long atmospheric lifetime and a continuously increasing
concentration due to human activities, making it an important gas to monitor. In this work, we
present a new method to retrieve N2O concentration profiles (with up to two degrees of freedom) from
each cloud-free satellite observation by the Infrared Atmospheric Sounding Interferometer (IASI),
using spectral micro-windows in the N2O ν3 band, the Radiative Transfer for TOVS (RTTOV) tools
and the Tikhonov regularization scheme. A time series of ten years (2011–2020) of IASI N2O profiles
and integrated partial columns has been produced and validated with collocated ground-based
Network for the Detection of Atmospheric Composition Change (NDACC) and Total Carbon Column
Observing Network (TCCON) data. The importance of consistency in the ancillary data used for the
retrieval for generating consistent time series has been demonstrated. The Nitrous Oxide Profiling
from Infrared Radiances (NOPIR) N2O partial columns are of very good quality, with a positive bias
of 1.8 to 4% with respect to the ground-based data, which is less than the sum of uncertainties of the
compared values. At high latitudes, the comparisons are a bit worse, due to either a known bias in
the ground-based data, or to a higher uncertainty in both ground-based and satellite retrievals.

Keywords: IASI; nitrous oxide; greenhouse gas; retrieval; validation

1. Introduction

Nitrous oxide (N2O) is the third most important anthropogenic greenhouse gas in
terms of its contribution to the Earth’s radiative forcing, e.g., [1]. Its atmospheric lifetime
is estimated to be about 116 years [2], and its concentration is continuously increasing
with time, from a global annual average at surface of 270 ppb (parts per billion) in 1750 to
about 332 ppb in 2019 [1]. The mean N2O increase rate since the 1970s was about 0.7 ppb
(0.23%) per year until about 2010 [3], but has now increased to about 0.95 ppb (0.3%) per
year in the last decade [1]. The anthropogenic emissions, which amounted to 40% of the
total emissions from 2007 to 2016 [1], are linked to the production and use of nitrogenous
fertilizers, burning fossil fuels, some industrial processes (including wastewater treatment)
and biomass burning (including biofuel). Between 2007 and 2016, the increase in nitrous
oxide emissions is primarily driven by anthropogenic sources, among which agriculture
accounts for an estimated 80 to 90% [4]. On the other hand, the contribution to emissions
from fossil fuel and industry has rapidly decreased between 1980 and 2000 due to technical
improvements, but started to slowly increase again afterwards due to increased fossil fuel
combustion [4].

N2O is mostly present, as a well-mixed gas, in the troposphere, where it is particularly
stable (as its lifetime demonstrates). It does reach the stratosphere, where it is photolyzed
and oxidized by O(1D) radicals. The produced NO radicals then act as catalysers in the
ozone destruction cycle [5]. N2O tropospheric variability is rather low, both geographically
(latitudinal gradient of less than 2 ppb difference between the North subtropical maximum
and the Antarctic minimum) and seasonally (maximum about 1 ppb amplitude of the
seasonal cycle, occurring at high North latitudes) [3].

Because it has a radiative forcing potential of 265 to 300 times that of CO2 per mass unit,
integrated over 100 years [3] and a large potential for ozone destruction, and because there
is a huge anthropogenic contribution to its emissions, nitrous oxide has to be included in
climate change mitigation strategies. A decrease in N2O emissions is possible with adapted
agricultural policies (that can also lead to increased crop yields) and improved industrial
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technology, as demonstrated by the decreasing trend of Europe’s emissions since the late
1980s [4]. Global ground-based networks provide, since long ago, local ground-based mea-
surements of either surface concentrations (e.g., the Advanced Global Atmospheric Gases
Experiment-AGAGE [6,7], the National Oceanic and Atmospheric Administration Global
Greenhouse Gas Reference Network-NOAA GGGRN [8]) or atmospheric columns (e.g., the
Total Carbon Column Observing Network-TCCON [9,10]) or profiles (e.g., the Network for the
Detection of Atmospheric Composition Change Infrared Working Group-NDACC IRWG [11]).
These observations are invaluable because their precision and accuracy are usually very high,
and they usually span a very long time range. However, they do not provide the full picture of
the global atmospheric distribution. That is where the satellite observations excel, providing
either data over a large area with high time repetition (with the geostationary satellites),
or daily almost global observations (with the low Earth orbit-LEO-Sun-synchronous satellites),
or even twice daily almost global observations with thermal infrared (TIR) instruments on
LEO orbits. The satellite data quality (accuracy and precision) should be assessed using the
ground-based networks data, enabling their use for climate applications.

Nitrous oxide global observations from satellites have been made since 2000, under dif-
ferent viewing geometries, using the Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS, onboard Envisat [12], limb sounder), the Atmospheric Chemistry Exper-
iment Fourier Transform Spectrometer (ACE-FTS, onboard SCISAT [13], solar occultation
sounder), the Microwave Limb Sounder (MLS, onboard Aura [14]), the Tropospheric Emission
Spectrometer (TES, onboard Aura [15], limb/nadir sounder) and the Atmospheric Infrared
Sounder (AIRS, onboard Aqua [16], nadir sounder). Limb and solar occultation sounders
provide a higher vertical resolution, while nadir sounders offer better geographical coverage,
horizontal resolution, and a better sensitivity to the low troposphere. Among those instru-
ments, three are still operational (ACE-FTS, MLS and AIRS), although they were launched in
the early 2000s and will most probably not continue to provide data for very long.

Recently, there has been a growing interest in using the nadir-viewing Infrared Atmo-
spheric Sounding Interferometer (IASI, onboard the Metop satellite series, details provided
in Section 2.1) to retrieve nitrous oxide concentrations [17,18]. IASI provides a long time
series of data, since 2007, with future instruments already planned until at least the 2040s.
It has a better spectral resolution and signal-to-noise ratio than AIRS, allowing for a higher
quality N2O product. The first IASI nitrous oxide product that was developed is a total col-
umn obtained with an artificial neural network, distributed by the European Organisation
for the Exploitation of Meteorological Satellites (EUMETSAT) as a demonstration product
only (not validated) [19]. Then, another IASI N2O product was developed under the MUlti-
platform remote Sensing of Isotopologues for investigating the Cycle of Atmospheric water
(MUSICA) project. MUSICA retrieves simultaneously water vapor isotopologues, CH4 and
N2O in the 1190–1400 cm−1 spectral window, with the PROFFIT-nadir algorithm [17,20,21].
In that retrieval, N2O was first considered an interfering gas and retrieved only to improve
the CH4 results, but it then also became a validated product. Very recently, Barret et al. [18]
reported another N2O retrieval from IASI, using the SOftware for a Fast Retrieval of IASI
Data (SOFRID). SOFRID uses the Radiative Transfer for TOVS (RTTOV, [22]) version 9.3
and the 1D-var retrieval algorithm from the UK Met Office, and uses the 2160–2218 cm−1

spectral window. The data is then reported as a monthly average.
In this work, we present the Nitrous Oxide Profiling from Infrared Radiances (NOPIR),

a new algorithm for retrieving N2O vertical profiles from IASI data. Although already two
algorithms exist and provide quite good data, this field is new and has not yet been fully
explored, while the long-term perspectives are exciting. In particular, all developments
undertaken now using IASI data will be the basis for the future algorithms for IASI-NG,
the new generation instrument that will succeed IASI in the coming years. Even though
the current IASI products, including the one presented in this manuscript, do not reach
sufficient accuracy and precision to precisely and reliably observe the tiny geographical
and seasonal variations of N2O, a clear improvement is expected with IASI-NG due to
improved spectral resolution and signal-to-noise ratio.
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In the next section, we describe the different data sets used in this paper. Section 3
provides a full description of the NOPIR retrieval algorithm and a summary of the differ-
ences with SOFRID and MUSICA. Section 4 describes the quality control applied to the
retrieval products, characterizes the retrieval error and information content, and presents
the validation approach and results. The paper ends with conclusions and outlook to future
developments, including long-term trends determination.

2. Materials and Methods
2.1. IASI

The Infrared Atmospheric Sounding Interferometer (IASI) is a Fourier Transform Michel-
son interferometer flying on-board the Metop satellite series on a mid-morning orbit (Equator
crossing at local solar time about 9:30 and 21:30 for the descending and ascending nodes
respectively). The first of these satellites (Metop-A) was launched in October 2006, the second
was launched in September 2012 (Metop-B) and the third was launched in October 2018
(Metop-C). Currently, the IASI instruments on all three platforms provide data, but Metop-A
has started drifting, and the platform reached end-of-life in December 2021.

IASI measures the radiance in the infrared spectral range from 645 to 2760 cm−1 with a
0.25 cm−1 sampling and a spectral resolution (after apodisation) of 0.5 cm−1. IASI observations
are undertaken by across-track scanning along a 2200 km wide swath (maximum 48.3° viewing
angle) with 30 elementary fields of view, each composed of 4 instantaneous fields of view
(also often referred to as pixels). A pixel has a diameter of 12 km at sub-satellite point (pure
nadir), and its size increases with the viewing angle to reach an ellipse with axes of 39 km by
20 km at the extremities of the swath. The scanning and orbital parameters of IASI/Metop
allow almost global coverage twice per day by each IASI instrument. The radiometric noise is
about 0.2 K in the spectral range used in this work (see later) [23]. In this work, we use the
Metop-A IASI level 1c radiance from the Principal Components Analysis (PCA, started on 22
February 2011), the Metop-A IASI level 2 atmospheric profiles of temperature and humidity
and the cloud fraction. The version of these data depends on the observation date and follows
updates in the EUMETSAT operational processing. For the level 1 data version, we do not see
an impact of the updates on our results except for a single change occurring on the 16th of
May 2013 when the instrument point spread function (IPSF) was improved; the impact on our
results will be shown in Section 4.1. Most changes in the level 2 meteorological data version
do impact our results, as will be discussed later. Table 1 lists the different IASI operational
level 2 versions along the time range of our data (since 22 February 2011). The most important
change (for our use) is the launch of the version 6 at the end of September 2014, with great
improvements in the quality of temperature and humidity profiles (both used to define our
atmosphere for the radiative transfer) and also of the surface temperature (Ts, used as a priori
in our retrieval). The two updates in the Piece-Wise Linear Regression (PWLR) in June 2016
and March 2018 also improve the quality of temperature and humidity profiles, impacting
our retrievals again.

Table 1. EUMETSAT IASI operational level 2 retrieval versions and dates since 22 February
2011 [19,24]. Only the changes linked to the data we use (the surface temperature, the cloud fraction
and/or the temperature and humidity profiles) are listed. * AMSU/MHS = Advanced Microwave
Sounding Unit/Microwave Humidity Sounder; ** PWLR = piece-wise linear regression.

Start Date Version Comment

2 December 2010 5.1
20 October 2011 5.2.1 Updated to RTTOV version 10 + updated cloud screening
28 February 2012 5.3 Improved cloud product

30 September 2014 6.0.5 Fully updated processor; improved all-sky retrievals using AMSU/MHS * and a statistics method (PWLR **);
updated cloud flags

24 September 2015 6.1.1 Land surface temperature update
2 June 2016 6.2.2 New first guess (PWLR3); better quality T and H2O profiles

7 March 2018 6.4.4 Updated PWLR3
4 December 2019 6.5 Updated to RTTOV version 12 + cloud mask + T profile
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2.2. GEOS-Chem

GEOS-Chem is a global 3D model of atmospheric chemistry driven by meteorolog-
ical input from the Goddard Earth Observing System (GEOS) of the National Aeronau-
tics and Space Administration (NASA) Global Modelling and Assimilation Office [25].
Wells et al. [26] implemented a N2O inversion in which the N2O emissions were optimized
based on the global network of N2O measurements at AGAGE [7] and NOAA GGGRN [8]
sites. The simulation used the Modern-Era Retrospective Analysis for Research and Appli-
cations, Version 2 (MERRA-2 [27]) meteorological fields.

In this work, we use the monthly GEOS-Chem N2O output vertical profiles (at 47 pres-
sure levels) on a 4 × 5° grid (latxlon) along the years 2006 to 2016 to construct the a priori
vertical profile for our retrieval, as a monthly climatology in 4° latitude bands (averaged
over the years 2006 to 2016). More details about how the a priori is constructed are provided
in the retrieval description in Section 3.1.

2.3. RTTOV

The Radiative Transfer for TOVS (RTTOV) is a fast radiative transfer tool developed
by the EUMETSAT Satellite Application Facility for Numerical Weather Prediction (NWP
SAF) to simulate top-of-atmosphere radiance in a wide range of wavelengths [22,28].
It consists of a predictor-based regression scheme, with instrument-specific coefficients.
The predictors are generated from line-by-line layer-to-space transmittance computed for
a set of 83 atmospheric profiles. For RTTOV version 13 [29], the Line-By-Line Radiative
Transfer Model (LBLRTM [30]) version 12.8 is used for calculating the coefficients. Minor
atmospheric constituents are modeled with a fixed concentration profile, while a number
of gases may be “variable” (e.g., O3, CO2, N2O, CO, CH4, SO2 for IASI), meaning that the
user can adapt their concentration profile and obtain their radiance Jacobians, allowing the
retrieval of those gases. Water vapor is always variable and always has to be defined by the
user. In this work, we use the latest RTTOV version 13 with the latest IASI v13 predictor
coefficients calculated on 101 levels, with only N2O and H2O as variable gases. All other
gases are modeled with fixed concentrations using the RTTOV defaults values.

2.4. NDACC

The international Network for the Detection of Atmospheric Composition Change
(NDACC) is composed of more than 70 globally distributed remote-sensing research
stations with more than 160 currently active instruments, some offering observations since
1991. Within the network, the Infrared Working Group (IRWG) consists of more than
20 globally distributed solar viewing Fourier-Transform Infrared Spectrometers (FTIR),
all being routinely used to retrieve (among other gases) N2O volume mixing ratio (vmr)
vertical profiles. Those retrievals are done with either the SFIT4 (an update of SFIT2 [31,32])
or PROFFIT9 [32] algorithms. The previous version SFIT2 and PROFFIT9 were shown to
have a very good agreement (within 1% difference with the standard algorithm version)
and even excellent (about 0.2% difference) when the same constraints are applied in
both algorithms [32]. The N2O retrievals are done using four micro-windows in the
2480–2540 cm−1 spectral range, and have 2.5 to 3 DOF in the full profile, from which about
1.5 in the vertical range of the IASI NOPIR retrievals (as reported in the data files). Table 2
lists the NDACC stations used in this work. The systematic (reported to be mostly linked
to spectroscopy [33]) and random uncertainties are reported in the data files, and their
mean value is listed in the Table. Reported systematic uncertainties range from 2 to 4.4%,
while reported random uncertainties range from 0.13 to 2.4%. The NDACC data are used
to validate our retrieved N2O data, with an additional outlier filtering, following the
procedure described in the validation Section 4.3.1.
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Table 2. List of NDACC stations used in this work, with the reported mean N2O systematic and
random uncertainties.

Station Name Lat. (°N) Long. (°E) Alt. (m) Syst. (%) Rand. (%)

Eureka 80.06 −86.42 610 4.3 0.13
Ny Ålesund 78.92 11.92 24 4.0 2.10

Thule 76.52 −68.77 225 2.5 1.00
Kiruna 67.84 20.4 420 3.5 0.44

St Petersburg 59.88 29.83 20 4.3 1.70
Garmisch 47.48 11.06 743 3.1 0.35
Zugspitze 47.42 10.98 2954 2.1 0.39

Jungfraujoch 46.55 7.98 3580 2.7 2.40
Rikubetsu 43.46 143.77 380 2.4 0.36
Boulder 40.04 −105.24 1612 2.2 0.49

Izaña 28.30 −16.48 2370 2.1 0.38
Mauna Loa 19.54 −155.57 3396 2.0 0.56
Altzomoni 19.12 −98.66 3985 2.0 0.37

Réunion St Denis −20.90 55.49 85 4.2 0.66
Réunion Maido −21.08 55.38 2155 3.7 1.40

Wollongong −34.41 150.88 31 3.3 0.51
Lauder −45.04 169.68 370 3.7 0.67

Arrival Heights −77.83 166.66 200 3.5 0.57

2.5. TCCON

The Total Carbon Column Observing Network (TCCON) is composed of ground-
based Fourier-Transform Spectrometers recording direct solar spectra in the near-infrared
spectral region, routinely used to invert column-averaged dry-air mole fractions of N2O
(among other gases) [10]. The network started in 2004 with the Park Falls (USA) station and
has expanded to 26 operational sites today [34], listed in Table 3. The current processing
algorithm is called GGG2014 and is a profile scaling retrieval. All sites use the same
algorithm and processing procedure for full consistency. There is no systematic uncertainty
in the data, as it is corrected during the processing. The estimated random uncertainty
on N2O dry air mole fraction is reported in Table 3. An additional 1% (3 ppb) random
uncertainty should be added, linked to the imperfect correction of the systematic bias
during the processing. The TCCON data from all stations are used to validate our retrieved
N2O data, with an additional outlier filtering, following the procedure described in the
validation Section 4.3.1.

Table 3. List of TCCON stations providing N2O, with the reported mean N2O random uncertainties
(to which 1% should be added, see text) and the data DOIs.

Station Name Lat. (° N) Long. (° E) Alt. (m) Rand. (%) Data Ref.

Eureka 80.05 −86.42 610 0.35 [35]
Ny Ålesund 78.92 11.92 24 0.21 [36]
Sodankylä 67.37 26.63 190 0.14 [37]

Easttroutlake 54.36 −104.99 500 0.34 [38]
Bialystok 53.23 23.02 190 0.42 [39]
Bremen 53.10 8.85 30 0.30 [40]

Karlsruhe 49.10 8.44 110 0.16 [41]
Paris 48.85 2.36 60 0.31 [42]

Orleans 47.97 2.11 130 0.28 [43]
Garmisch 47.48 11.06 740 0.30 [44]
Zugspitze 47.42 10.98 2960 0.53 [45]
Parkfalls 45.94 −90.27 440 0.41 [46]

Rikubetsu 43.46 143.77 380 0.40 [47]
Indianapolis 39.86 −86.00 270 0.25 [48]
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Table 3. Cont.

Station Name Lat. (° N) Long. (° E) Alt. (m) Rand. (%) Data Ref.

Fourcorners 36.80 −108.48 1640 0.20 [49]
Lamont 36.60 −97.49 320 0.34 [50]

Anmeyondo 36.54 126.33 30 0.29 [51]
Tsukuba 36.05 140.12 30 0.38 [52]
Nicosia 35.14 33.38 190 0.41 [53]

Edwards 34.96 −117.88 700 0.23 [54]
Jpl 34.20 −118.18 390 0.28 [55]

Pasadena 34.14 −118.13 240 0.22 [56]
Saga 33.24 130.29 10 0.47 [57]
Hefei 31.90 117.17 40 0.33 [58]
Izaña 28.30 −16.48 2370 0.17 [59]

Burgos 18.53 120.65 40 0.45 [60]
Manaus −3.21 −60.60 50 0.49 [61]

Ascension −7.92 −14.33 30 0.91 [62]
Darwin −12.43 130.89 30 0.34 [63]

Reunion (St Denis) −20.90 55.49 90 0.25 [64]
Wollongong −34.41 150.88 30 0.25 [65]

Lauder −45.04 169.68 370 0.16 [66,67]

3. The Nitrous Oxide Profiling from Infrared Radiances (NOPIR) Retrieval

NOPIR is a Tikhonov regularization algorithm using the L1 matrix constraint (purely
on the profile shape). The state vector comprises only the surface temperature (Ts) and the
vertical profile of N2O volume mixing ratio (vmr) relative to a priori, on 17 levels from
800 to 80 hPa. Including Ts in the state vector is a standard procedure in TIR retrievals,
in which the sensitivity to Ts is very high, making it a crucial parameter and relatively
easy to retrieve. Spectrally, we use micro-windows for a total of 64 IASI channels between
2170 and 2215 cm−1, avoiding almost all absorption features from other gases (see Table 4).
The spectral noise in the retrieval is set to 0.2 K, which is similar to the reported IASI
spectral noise in that spectral range [23]. Usually, a method called “noise inflation” is used,
where the spectral noise used in the retrieval is larger than the real instrumental spectral
noise (by a factor often empirically determined), to account for non-modeled errors in the
radiative transfer, spectroscopy, etc. Here, as we use the IASI PCA spectra, the spectral
noise is expected to be significantly lower than the original instrumental noise, but the
precise value is difficult to assess. At the end, it means that the noise level we use in the
retrieval is indeed an inflated value, but the multiplicative factor is not known. All radiative
transfer calculations are done using the latest RTTOV version 13 and the corresponding
coefficients for IASI on 101 levels. In the following sections, technical specifications are
provided about the different parts of the retrieval.

3.1. Atmosphere and Surface Modelling

The retrieval is performed on a fixed pressure grid that is a subset of the RTTOV
standard pressure grid (to avoid unnecessary interpolations), at the following 17 pressure
levels (in hPa, from top to down): 83.231, 96.114, 110.237, 125.646, 151.266, 170.078, 200.989,
223.442, 259.969, 300, 358.966, 407.474, 459.712, 535.232, 596.306, 706.565, and 802.371.
For defining atmospheric profiles for the radiative transfer calculations, 2 additional levels
are used down to the surface (904.866 and 1013.95 hPa) and 13 additional levels to the top
of the atmosphere. We decided to limit the retrieval range to about 800 hPa instead of down
to the surface because the sensitivity is too low at lower altitude (Section 4.2). It also allows
reducing the impact of the surface elevation on our retrieval.

The atmosphere is set up using the EUMETSAT IASI level 2 temperature and humidity
profiles (and those are not retrieved within NOPIR), a GEOS-Chem-based monthly climatol-
ogy for N2O (as a priori), and the standard RTTOV profiles for all other gases (not retrieved).
The N2O vmr climatology is obtained from the GEOS-Chem monthly data by interpolating
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on our radiative transfer pressure grid, then averaging the data for all years by 4° latitude
bands. That way, a monthly climatology (average of GEOS-Chem data during 2006 to 2016)
of vertical profiles is obtained in latitude bands. Before each retrieval, for each pixel the
a priori is obtained from that climatology using a linear interpolation as a function of the
latitude to avoid any discontinuity. As an atmospheric constituent, only N2O is part of the
state vector, as a profile, and modified during the retrieval. The N2O profile is continued
outside the retrieval vertical range: as a constant from the lowest retrieval level down to the
surface, and with the a priori above the highest retrieval level up to the top-of-atmosphere.
At those levels, the IASI sensitivity is rather low (Section 4.2), and bias in the N2O values
has very little impact on the radiative transfer calculation, and non-significant impact on
the retrieval results.

The surface thermal emission is modeled using the surface emissivity from the 2015
update of the data by Daniel Zhou [68] (monthly climatology on a 0.25° horizontal grid
and at the IASI spectral resolution) and Ts from IASI level 2 retrievals as a priori (Ts is then
varied, being part of the state vector).

3.2. Tikhonov Regularization Setup

The Tikhonov regularization is a method to solve ill-posed mathematical problems,
proposed in the 1960s by the Russian scientist who gave its name to the method [69,70].
A detailed formulation of the method for the retrieval of atmospheric parameters is pro-
vided in different more recent publications, e.g., [71,72]. In brief, regularization is a con-
strained least-square minimum iterative search, where the constraint matrix is not the a
priori co-variance matrix as in the Optimal Estimation Method (OEM [73]), but a so-called
“smoothing” constraint. The smoothing constraint is generally written as

R = αLT L (1)

where L is the constraint operator and α is the strength of the constraint.
It is common to use derivative operators as constraint operators, because then only the

shape of the profile is constrained (altitude-to-altitude differences are smoothed, avoiding
oscillations), but not the absolute values [72]. This is particularly useful in the case of long-
term analyses, where the target atmospheric parameter follows a specific trend. Indeed,
with a regularization constraint on the profile shape only, it is not necessary to adapt the a
priori to the trend in the analyzed species (unless there is also a trend in the atmospheric
profile). Therefore, it is ensured that an observed trend comes from the observations and
could not be the result of a trend in the constraint. In our work, we use the first-derivative
operator usually called L1 and we correct for the different layer widths in our vertical grid.

L1 =
1

n − 1
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...
0 0 0 · · · −1 1

 (2)

where n is the size of the state vector (here only for the 17 levels of the N2O retrieval,
the added Ts in the state vector is treated separately); Pmin and Pmax are the bottom and top
pressures in our retrieval grid, and Pi is the pressure at the ith level.

The theoretical selection of the regularization strength can be done following different
methods, e.g., [72,74]: (1) aiming at a precise DOF if it is known; (2) optimizing the
retrieval noise (retrieval uncertainty due to propagating the instrument spectral noise);
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(3) optimizing the forward model parameter error (retrieval uncertainty due to propagating
uncertainty in non-retrieved parameters); (4) optimizing the total error (sum of the errors
in 2 and 3); and (5) following the error consistency method [74]: the difference between the
regularized and non-regularized (unconstrained retrieval) profiles should on average be
equal to uncertainties of the regularized profile.

In our case, the last method is impossible to apply: our retrieval does not converge
when no constraint at all is applied. Method 1 cannot be applied directly as the retrieval’s
DOF is not known. However, an indication of it can be obtained by using the standard
OEM. This remains largely uncertain because running the OEM requires knowledge of
the natural atmospheric variability of the species under analysis. We undertook test runs
with the OEM, with a co-variance matrix including non-diagonal terms representing a
Gaussian correlation along 4 levels. This leads, for 5 and 10% a priori standard deviation
(which, respectively, match that used in SOFRID and MUSICA), to, respectively, a N2O
DOF of about 1.5 to 2 at mid-latitudes and 1 to 1.3 at higher latitudes. Finally, methods
2 to 4 cited above were also used. We calculated the retrieval noise, the forward model
parameter error for the temperature and the water vapor profiles (likely to be the highest
source of uncertainty) and the total error for α between 2 and 10 (more details in the
error characterization are given in Section 4.2) for a few days of global data. As expected,
the higher the regularization strength α, the lower the retrieval errors, but also the lower the
DOF. However, the variation of the retrieval errors with α is very small, and is significant
only at high latitudes. An optimum with respect to those errors seems to be α = 5, which
leads to a DOF close to 2 at mid-latitudes and to 1.3 at high latitudes, roughly matching the
OEM DOF with an a priori variability of 10%. We, therefore, fixed α = 5 in NOPIR.

The constraint for Ts, also part of the retrieval, is included in the constraint matrix by
adding a row and a column with all zeros except the diagonal element, which contains the
inverse of the variance of Ts a priori, here defined as 1 K² (standard deviation of 1 K). This
means that Ts is actually retrieved with the OEM.

3.3. Micro-Windows Selection

The retrieval micro-windows were selected within the ν3 asymmetric stretch vibration
mode around 2200 cm−1 and are listed in Table 4. The precise IASI channel selection was
based on the following steps (details are given in the next paragraphs):

• Channels with significant absorption signature of N2O (including isotopes) only were
selected, and in addition some channels as transparent as possible;

• Only channels with post-retrieval root-mean-square of spectral residuals (RMSSR)
mostly below 0.4 K were allowed;

• Only micro-windows of at least 4 spectral channels were kept.

Table 4. List of micro-windows for the NOPIR retrieval.

Start Wave Number (cm−1) End Wave Number (cm−1) Number of Channels

2173.75 2174.75 5
2177.25 2178.50 6
2184.00 2184.75 4
2190.75 2192.75 9
2197.25 2198.25 5
2201.00 2202.50 7
2204.00 2204.75 4
2207.00 2208.50 7
2209.75 2211.50 8
2213.00 2215.00 9

For the first step, we used data from the high-resolution transmission molecular
absorption (HITRAN) 2016 database to model the atmospheric transmittance, at high
spectral resolution (0.002 cm−1), in total and separately for each molecule, for a typical
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atmospheric state at the Saint-Denis station (Reunion Island). Within the N2O ν3 band,
we selected micro-windows where the absorption was almost exclusively due to N2O
(including its isotopes). Small absorption features from interfering gases remain, mostly
H2O. The error analysis presented in Section 4.2 will confirm the minimal interference from
water vapor.

For the second step, we plotted the density function of the spectral residuals for
each selected channel using all retrievals on 15 January 2018 and 15 June 2018 (Figure 1
shows the density functions for 15 January, for the final channel selection). We excluded
channels for which a significant fraction of residuals was above 0.4 K. The goal is to limit
to twice the radiometric noise any recurring bias in the radiative transfer calculations,
either linked to an uncertainty in the surface or atmospheric parameters, or to RTTOV
itself (including uncertainties linked to the spectroscopy). Regarding the RTTOV v13 bias
(with corresponding coefficients), we used the analysis from the developers, available
on the official website [75] (see also Figure 2). We verified that our selected retrieval
micro-windows were not using channels with unusual RTTOV bias or variability with
respect to full line-by-line calculations (using LBLRTM). Overall, in the 1970–2215 cm−1

spectral range, the mean RTTOV bias remains below 0.035 K with a standard deviation
of maximum 0.2 K. Our channel selection has a mean RTTOV bias below 0.025 K and a
standard deviation below 0.11 K. This bias does not contain any uncertainty linked to
the spectroscopy, as RTTOV results are compared to LBLRTM line-by-line calculations,
and LBLRTM is used to compute the RTTOV coefficient tables.

Figure 1. Density functions (absolute numbers) of spectral residuals in all selected retrieval channels,
for 15 January 2018. Each channel is plotted with a different color.

3.4. Summary of Differences with Respect to Pre-Existing IASI N2O Retrieval Algorithms

Our approach in retrieving and validating N2O from IASI is different from MUSICA
and SOFRID in a number of aspects.

1. Our NOPIR algorithm uses the ν3 spectral band as in SOFRID because it is the most
sensitive to N2O within the IASI spectral range, but we have very carefully selected a
list of micro-windows to avoid interfering gases instead of adding multiple gases in
the retrieval; our selection of IASI spectral channels also allows improved sensitivity
down to the lower troposphere, with respect to MUSICA.

2. We use RTTOV as radiative transfer, as in SOFRID, but we use the latest available
version 13.0.

3. Our retrieval is based on the Tikhonov regularization [69,70], with a constraint on
the profile shape and not on absolute concentrations. This choice allows observing
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long-term trends without possible bias linked to the a priori used in the retrieval.
With an Optimal Estimation [73] retrieval (as in SOFRID) or a Tikhonov constraint
mimicking the inverse of a covariance matrix (MUSICA), either the variability has
to be set quite high to allow for the long-term increase (e.g., 10% in MUSICA, 5% in
SOFRID), or the a priori must include a trend such as to mimic the expected trend,
making the retrieved trend possibly dependent on the a priori trend.

4. Our NOPIR retrieval is provided and validated on a pixel basis (like MUSICA, but un-
like SOFRID that is validated on a monthly basis), and provides a decent quality
also at Arctic and Antarctic stations (none of the other retrievals are presented there)
and during day and nighttime (SOFRID uses only nighttime IASI data). We validate
integrated N2O columns (instead of only the layer with the highest sensitivity) with
the available quality controlled data from NDACC and TCCON stations.

5. NOPIR retrieved products have about 2 degrees of freedom (DOF) (more than MU-
SICA, less than SOFRID) except at high latitudes where the DOF is reduced to about 1
(similar for MUSICA, not considered in SOFRID).

Figure 2. RTTOV version 13 (with coefficients version 13) bias analysis with respect to line by
line calculations with LBLRTM v12.8, for the set of 83 profiles used to train RTTOV, in Brightness
Temperature (BT) units: mean bias (with horizontal black line at 0.025 K), standard deviation of the
bias (with horizontal black line at 0.11 K), root-mean-square (rms, with horizontal black line at 0.11 K)
of the bias and maximum bias (with horizontal black line at 0.2 K), as a function of the wave number
(wn). The gray areas show our N2O retrieval spectral windows.

4. Results

The N2O retrieval as described in the previous section is undertaken on each available
IASI cloud-free scene for which good quality data is available, since 22 February 2011 (the
start of the level 1 PCA data). Then, a quality control is undertaken, to ensure selecting
only the highest quality retrieval results (described in Section 4.1). This filtered dataset is
analyzed in this section, first in terms of its intrinsic properties, then by comparing it to
reference ground-based network data.

4.1. Quality Control

We apply five strict selection criteria to our retrieval results, ensuring that only the best
results are exploited. The spectral residuals are the differences between the observation
and the modeled spectrum after the retrieval.

• Maximum 10 iterations in the retrieval; after that, the retrieval is stopped and consid-
ered non-converging;
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• The root-mean-square of the spectral residuals (RMSSR) must be below 0.2 K, which
is about the IASI noise in our retrieval spectral range;

• Each spectral channel’s residual must be below 0.4 K, which is about twice the IASI
noise in our retrieval spectral range;

• At least 0.75 DOF in the retrieval; below this threshold we consider that the sensitivity
was too low to trust the result; this occurs very rarely;

• A retrieved Ts between 200 and 350 K; the minimum boundary allows filtering out
scenes with undetected clouds and/or aerosols while the maximum boundary rejects
unphysical results, occurring very rarely.

The filters on DOF and Ts only extremely rarely remove pixels for which the con-
vergence was reached. The other two criteria, on the total RMSSR and especially that on
single spectral residuals, remove a significant amount of results as can be seen in Figure 3
where the line for the final quality control (black) is almost superimposed on the line for
the single residual criterion (cyan). The criterion on the single residuals is indeed very
strong: no residual, at any wave number, is allowed with more than twice the IASI noise.
Globally, only about 40% of the pixels lead to a good N2O retrieval in 2011, while this ratio
is up to about 75% since mid 2016, coinciding with the start of the EUMETSAT IASI level 2
version 6.2.2.

Figure 3. Statistics on the NOPIR quality control filtering (with previous cloud filtering) as a function
of observation date. The cyan curve (filtering on each spectral residual) falls below the black curve
(all filters applied). Red vertical lines relate to dates in Table 1, linked to changes in the EUMETSAT
IASI operational level 2 processing. A red line has also been added for 16 May 2013, when an update
in the EUMETSAT IASI operational level 1 processing occurred [76],which clearly influences the
NOPIR retrieval residuals.

The analysis on the quality control of our N2O data also brings interesting information
on the evolution of the quality over time. As our retrieval method, N2O a priori and
surface emissivity do not change at all over the years (but do vary seasonally), the only
possibility for a changed quality over the years is the other input data we use: the IASI
level 1c PCA spectra, the IASI level 2 Ts (used as a priori), temperature and humidity
profiles (not retrieved) or even the cloud product (used for selecting cloud-free pixels).
Indeed, the clear improvements in the number of good quality N2O retrievals are all but
one (mid-May 2013) linked to a reported change in the IASI level 2 processor version
(see also Table 1). End October 2011, the update (cloud screening) causes a smaller ratio
of converging retrievals, which is then corrected at the next update (cloud product) end
February 2012. The lower ratio of converging N2O retrievals between these two changes is
most probably due to a higher number of unreported cloudy pixels, for which our retrieval
is attempted and fails. Mid-May 2013 our ratio of good retrievals is improved, with no
change in the EUMETSAT level 2 data processor. However, a calibration change in the
IASI level 1c spectra occurred in the processing chain on 16 May 2013 (the IASI point
spread function was improved [76]), to which we attribute the improvement in our retrieval
residuals. The switch to the IASI level 2 processor version 6 in September 2014 leads to
a clear increase in the ratio of converging and of good quality N2O retrievals, attributed



Remote Sens. 2022, 14, 1810 13 of 30

mostly to the improved quality in the IASI temperature profiles but also partially to the
improved cloud product (improving the convergence ratio). García et al. [17] have also
shown that, in the MUSICA algorithm, the EUMETSAT IASI level 2 version 6 IASI data
lead to higher quality N2O retrievals than the level 2 version 5 data. The next update in
September 2015 shows also some improvements in our ratio of good retrievals, although it
is less clear because of the seasonal cycle in that ratio. The next level 2 updates do not
seem to have a strong impact on the ratio of good quality results, except for the last one in
December 2019, which actually leads to an increase of the spectral residuals in our retrieval.

In addition to the changes in the quality statistics linked to changes in the IASI level 2
processor, there is a seasonal cycle in the ratio of good quality N2O retrievals. This cycle
is mostly due to the high latitudes: at high North latitudes there are little good retrievals
during the winter and much more during the summer, while at high south latitudes there
are few good retrievals all year long. The number of high latitude good retrievals seems to
relate to the surface temperature: during the local summer, high north latitudes (especially
land areas) heat up more than high south latitudes (see Figure 4, where both the retrieved
surface temperature and the number of good retrievals are shown as a monthly mean
for June and December 2018), and a higher surface temperature usually leads to a better
sensitivity and therefore more good retrievals.

After this quality control, there remained areas and periods for which we found
the retrieval results doubtful (see for example Figure 5, showing monthly averaged N2O
partial columns for June and December 2018): high N2O in the Tropics during Northern
Hemisphere spring and summer, high N2O in some high latitude areas during the summer,
higher N2O over high altitude mountains as the Andes or plateaus as Tibet.

(a) (b)

Figure 4. (Top) Retrieved surface temperature (monthly average) and (bottom) number of good
retrievals per grid cell for (a) June and (b) December 2018, using a 1° × 1° lat/lon grid.



Remote Sens. 2022, 14, 1810 14 of 30

(a) (b)

Figure 5. Retrieved N2O partial column from 800 to 80 hPa (monthly average) for (a) June and
(b) December 2018.

The local higher N2O columns in the Tropics, and especially over North Africa and
offshore, could be clearly associated with the presence of atmospheric dust aerosols, as seen
in Figure 6 where we show the correlation between our retrieved N2O column along the
retrieval vertical range and the dust 10 µm aerosol optical depth (AOD) from the Mineral
Aerosol Profiling from Infrared Radiances (MAPIR) IASI dust retrieval [77], for 1st of June
2018 in the Saharan and dust outflow area (latitude 15 to 35° N, longitude 30° W to 30° E),
when a large dust plume was observed in the Western part of the Sahara and offshore.
Although there is a non-negligible variability of the retrieved N2O column, it is clear that
the latter tends to increase with large dust AOD. This can be linked either to the direct
impact of dust aerosols on the radiance, which is broadband, or to the indirect impact
of the dust on the EUMETSAT IASI retrieval of temperature and humidity, which then
impacts our N2O retrieval. We decided to filter out the “dusty” scenes, using a threshold
of maximum MAPIR 10 µm dust AOD of 0.25. Obviously, filtering all plausibly “dusty”
pixels even with very low AOD would prevent from observing N2O in most of the dust belt
during the dust season, so a compromise must be made. Figure 7 shows the result of the
additional dust filter for the 1st of June 2018. It is obvious that, in this case, most of the local
high N2O values are linked to the presence of dust and are removed when applying the
additional filtering. Figure 8 shows what would the N2O overestimation be on a monthly
basis for June 2018 if not filtering out dusty pixels. This overestimation can reach 2.5%
locally in the monthly average, so it is clearly not negligible. It would not be reflected in
most validation exercises, as most instruments do not provide data under heavy dusty
conditions (as for cloudy conditions). All data presented from here on are filtered with this
additional quality criterion on the dust AOD.

Figure 6. Correlation between the MAPIR [77] dust AOD and our retrieved N2O partial column
along the retrieval vertical range, for the 1st of June 2018 in the Saharan area (latitude 15 to 35° N,
longitude 30° W to 30° E).
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(a) (b)

Figure 7. N2O partial column along the retrieval vertical range for the 1st of June 2018, (a) with the
standard quality control and (b) with the added filtering to remove dusty scenes.

Figure 8. Monthly average for June 2018 of the difference between the retrieved N2O partial column
using simple quality control or with the additional dust filter.

Regarding the high N2O partial column at high latitudes during the summer and over
high altitude mountains and plateaus, the problem seems to be linked to a low sensitivity of
the retrieval. Indeed, in those areas during the summer (i.e., central Greenland, the Andes
and the Tibetan Plateau in June, Antarctica in December) the number of good retrievals and
the surface temperature are lower (see also Figure 9, showing the DOF). In addition, at high
latitudes there could be a larger bias in the surface emissivity, and a higher propagated
temperature profile uncertainty (see Section 4.2). For the high altitude areas, there could be
a bias in the retrieval linked to a non-physical a priori profile. Indeed, we use averages by
latitude bands, which could not well represent vertical profiles at the high altitude locations.

(a) (b)

Figure 9. Monthly mean N2O DOF for (a) June 2018 and (b) December 2018 (after full quality control).

4.2. Characterization of the Retrieved N2O Profiles: Error Analysis, Averaging Kernels and
Information Content

The OEM formalism to characterize the retrieval’s sensitivity and perform an error
analysis can be used also when the OEM constraint matrix (atmospheric variability) is
replaced by a profile shape constraint, as in the Tikhonov regularization scheme. Averaging
kernels are calculated during our retrieval, following Rodger’s theory [73]. All data shown
have undergone the full quality control.
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The trace of the averaging kernel matrix represents the number of degrees of freedom
(DOF) for the retrieval. Here, we look separately at the DOF for Ts and N2O retrievals.
For Ts, the DOF is always very close to 1 (not shown), meaning that its retrieval should
be independent of the a priori, provided that this a priori value is close enough to the
true value (the standard deviation was set to 1 K). The N2O DOF is close to 2 in the
Tropics area, about 1.5 over mid-latitude oceans, and can lower to 1 at high latitudes (see
Figure 9). Of course, over land there are local/seasonal patterns in the sensitivity, linked
to the surface emissivity and temperature, which control the total amount of radiance
emitted. For example, over mid-latitude land the DOF clearly depends on the season,
being higher when the Ts is higher (see Figure 4). We also observe that the DOF is lower
over high altitude mountains and plateaus, especially the Tibetan Plateau and the Andes,
again correlated with the lower Ts. The high-latitude lands show an interesting pattern of
sensitivity, having a higher sensitivity during the winter than during the summer. This is
linked to the thermal contrast between the surface and the atmosphere, which is low over
land at high latitude during the summer (Ts is close to the atmospheric temperature) while
high during the winter (Ts is even lower than 250 K, much lower than the atmosphere,
creating a thermal contrast which gives more sensitivity even if it is a negative contrast).
Within a IASI swath, one can clearly see (Figure 10a) a higher DOF for higher viewing zenith
angle (VZA), as is also seen in Figure 10b. This link between DOF and VZA does, however,
not relate to any impact on the N2O column itself. There is no significant difference in DOF
for daytime and nighttime (no shown), except when there is a significant difference in Ts.

(a) (b)

Figure 10. (a) N2O DOF for 15 December 2018 during day-time and (b) N2O retrieval DOF as a
function of satellite VZA for global data in December 2018. The result is similar for other months.

To characterize the retrieval’s uncertainty, we propagate the spectral noise and un-
certainties of the temperature and humidity profiles to the retrieved N2O profiles, using
Rodger’s formalism based on Gaussian statistics in particular Equation (3).16 therefrom in
Ref. [73]. Doing so requires knowledge of uncertainties of those parameters. The spectral
noise is defined, in the retrieval, to the approximate true value. The uncertainty on the
IASI level 2 temperature and humidity profiles is set, for this analysis, to 1 K and 10%,
respectively. Those were the target accuracy at the design of the instrument [78], and the
real accuracy evolves over time with the different algorithm versions, which would be
difficult to follow for our error analysis. As the propagated uncertainties are random,
the calculated N2O error is also random.

Figures 11 and 12 show examples of the retrieved versus a priori profiles, averaging
kernels and error analysis, for a random tropical pixel and a random high latitude pixel.
Of course, these vary with the local situation, but general tendencies can be observed. The a
priori (GEOS-Chem-based climatology) and retrieved N2O profiles are also shown. One
clearly sees that the retrieved profile can deviate a lot from the a priori profile, in terms
of absolute values. This is expected because the a priori is an average of GEOS-Chem
simulations over the years 2006 to 2016, while we look here at data during 2018, for which
a significantly higher N2O concentration is expected. This large absolute variation in the
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N2O concentration is easily allowed by the Tikhonov regularization scheme that constrains
only on the profile shape.

Figure 11. Example of retrieval results, averaging kernels and error analysis (standard deviation of
the covariance matrices) for a tropical latitude (10.6° S 0.1° E), 15 December 2018.

Figure 12. Example of retrieval results, averaging kernels and error analysis for a high South latitude
(80.2° S, 0.2° E), 15 December 2018.

The averaging kernels (rows of the averaging kernel matrix) are broad, as expected
with approximately 2 DOF. When the DOF tends to 1, the averaging kernels for all altitudes
become identical. Averaging kernels sometimes seem to show a good sensitivity in the
lowest layers, however, this originates again in the profile shape constraint and not in the
radiance sensitivity to N2O in low layers. Indeed, the N2O Jacobians (see Figure 13 for an
example) show a huge decrease in sensitivity when going towards the surface. There is still
a significant sensitivity to the lowest retrieval level (the lowest level in the plot), but the
sensitivity continues to drop drastically below. This is the reason for not including levels
lower than about 800 hPa in the retrieval. Following von Clarmann et al. [79], we verified
that the row sum of the averaging kernels (also called measurement response function) are
unity, “ensuring that the retrieval is a smoothed but unbiased representation of the true
profile” (except for the measurement and parameter error propagation).

The error analysis can vary much for different situations, but it usually shows similar
properties. First, the N2O uncertainty linked to propagating uncertainty on the water vapor
content is extremely low, which is consistent with our strategy to avoid all spectral channels
impacted (significantly) by interfering gases. Second, the impact of the spectral noise and
vertical smoothing (due to the constraint) on the retrieved N2O is significant and usually
of the same order of magnitude as the propagated uncertainty on the temperature profile.
Third, the total uncertainty (linked to spectral noise, vertical smoothing, uncertainties in
water vapor and temperature profiles) is usually between 5 and 10 ppb (1–3%) along the
vertical profile. Finally, at high latitudes, the impact of the uncertainty on the temperature
profile increases significantly and usually dominates the error analysis. The total uncer-
tainty exceeds 3% in that case. Figure 14 shows, for 15 December 2018, the calculated total
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uncertainty on the N2O partial columns along the retrieval vertical range. There is a signifi-
cant difference (of about 0.5%, not shown) between daytime and nighttime uncertainties
over surfaces subject to large temperature changes, as deserts, with a higher uncertainty at
night when the surface is colder. Indeed, the total uncertainty is correlated to Ts as shown
in Figure 15, and this correlation is due to the propagated T profile uncertainty (not shown).

Figure 13. Example of N2O Jacobians at the NOPIR retrieval wave numbers, for 15 June 2018 at
19.5° N, 39.1° W.

Figure 14. Example of N2O partial column total uncertainty due to vertical smoothing, spectral noise,
water vapor and temperature profiles, for 15 December 2018.

Figure 15. N2O partial column total uncertainty (due to vertical smoothing, spectral noise, water
vapour and temperature profiles) correlation with surface temperature, for 15 December 2018.

There remains one important parameter for which the uncertainty is not propagated
in this analysis: the surface emissivity. RTTOV does not produce Jacobians with respect
to surface emissivity, therefore the generalized propagation of its uncertainty can not be
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done. However, we evaluated the impact of a change in surface emissivity on the retrieved
N2O by a sensitivity study on a very limited data set (15 June 2018 and 15 December 2018,
not shown): a 5% change in the surface emissivity, which is unreasonably high over oceans
or well-analyzed land surfaces, but could occur at difficult land surfaces such as deserts,
mountains or ice, may lead to a maximum 2.5% change in the retrieved N2O column,
the largest impact observed at night over land (lower Ts).

Finally, the uncertainty on RTTOV model spectra in the retrieval windows was dis-
cussed in Section 3.3: the estimated RTTOV mean bias is a factor of magnitude lower than
the IASI noise and is therefore not considered relevant. The RTTOV bias, however, does
not contain the uncertainty linked to the spectroscopy; that uncertainty is accounted for in
the use of an inflated noise for the retrieval.

The total uncertainty, being 1–3% over ocean, possibly up to about 5% at high latitudes
and/or over surface with high uncertainty in the emissivity (as deserts or ice) is high
with respect to the low variability of N2O, but still in the same range as the ground-based
observation uncertainties.

4.3. Validation against NDACC and TCCON
4.3.1. Comparison Methodology

The methodology for the validation of the IASI N2O data against NDACC and TCCON
data is very similar, with small differences linked to the fact that NDACC provides vertical
profiles of N2O vmr while TCCON provides dry-air column-averaged mole fractions. We
first describe in detail the method for NDACC comparisons, then we will highlight the
differences for the TCCON comparisons. Co-locations are done between IASI and NDACC
observations, with maximum 100 km distance and 6 h time difference. This maximum time
difference is long, but necessary because the NDACC observations are done only a few
times per day. This should, however, not be a problem because the N2O amount does not
have a pronounced diurnal cycle. The allowed distance between IASI and the ground-based
instrument has to be considered in comparison to the IASI pixel size (reminder: 12 km
circle at nadir, 39 by 20 km ellipse at scan edges). The selected 100 km allows having
enough co-located IASI measurements to reduce the variability in the comparisons. For the
same reason, for each NDACC observation, the co-located IASI pixels are averaged. If a
ground-based observation is co-located with less than 5 IASI pixels, it is not considered
in the validation. In the case more than 10 pixels match the co-location criteria, only the
10 closest in time are taken into account. As TCCON observations are much more frequent
along a day, the maximum time difference allowed for those comparisons is reduced to
30 min. For both networks, after co-location with satellite observations, the ground-based
data are filtered for outliers as follows: (1) we average the ground-based data (as dry-air
column-averaged mole fractions, the standard TCCON unit and applying a conversion for
NDACC data originally in vmr units) with a binomial rolling window of size 5 on bi-daily
temporal median values (so, the rolling window spans over 10 days); (2) an observation
is removed if its difference with the rolling mean exceeds 1.5 the interquartile range (IQR,
the difference between the 75th and 25th percentiles) away from the quartiles.

The inter-comparisons are undertaken based on the theory from Rodgers and Connor [80].
The retrieved N2O profiles are adjusted to take into account the difference in a priori
profiles for the ground-based (NDACC or TCCON) and IASI retrievals. The ground-based
a priori profiles are used as common profiles. This choice avoids grid mismatch issues when
re-gridding because the satellite grid has a limited vertical range. The ground-based a priori
is re-gridded to the IASI vertical grid using linear interpolation. In case the ground-based
vertical grid was set up at a higher surface altitude than the bottom of the satellite profile
(at high altitude stations), it is continued downwards by linear extrapolation. Because the
ground-based a priori is the common profile, only the IASI retrieved profiles are adjusted
as in Rodgers and Connor [80]:

xIASI,adj = xIASI + (AIASI − I)(xIASI,ap − xNDACC,ap,regr) (3)
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where x represents the retrieved profile, A is the averaging kernel, I is the identity matrix of
the same size as A and adj stands for “adjusted”, ap for “a priori”, and regr for “regridded”.
In a second step, which further reduces the impact of the common a priori in the comparison,
the NDACC retrieved profiles (regridded on the IASI vertical grid) are smoothed using the
IASI averaging kernels:

xNDACC,regr,sm = xNDACC,ap,regr + AIASI(xNDACC,regr − xNDACC,ap,regr) (4)

where sm stands for “smoothed”. Then, both profiles are integrated in a partial column
along the IASI retrieval range (800 to 80 hPa). The IASI bias discussed in the next section is:

biasabsolute = pcolIASI,adj − pcolNDACC,regr,sm (5)

biasrelative = biasabsolute/pcolNDACC,regr,sm (6)

where pcol stands for “partial column”.
For TCCON observations, only a total column value is retrieved, and the comparison

methodology therefore has to be slightly adapted. A pseudo-retrieved TCCON profile is
obtained from the TCCON a priori profile, multiplied by a scaling factor being the ratio
between the retrieved TCCON column and the a priori TCCON column:

xTCCON,regr = xTCCON,ap,regr

(
cretr

cap

)
(7)

where cap and cretr are, respectively, the TCCON a priori and retrieved dry-air column-
averaged mole fractions. An additional difference is that NDACC products are N2O vertical
profiles of vmr, while the pseudo retrieved TCCON profiles (xTCCON,regr) are in dry-air
partial column mole fractions. Therefore, the IASI profiles have to be converted to the same
units, using the dry-air partial columns from the satellite data.

4.3.2. Analysis

Different ways to look at the data will be used:

• Full period bias analysis at selected stations (the analysis was done at all stations, but it
is impossible to show all plots): to determine if the data quality changes over time;

• Weekly bias analysis at all stations over a short period: to analyze any seasonal
patterns in the bias;

• Bias and standard deviation for all stations for the period of improved quality: for an
assessment of the NOPIR accuracy and precision;

• Correlation between ground-based and satellite data.

Long-term bias analyses (see Figures 16–18) show a small positive mean bias (less than
4%) of the NOPIR N2O columns. The impact on our data quality of the EUMETSAT IASI
level 2 processor upgrade to version 6 in September 2014 is obvious. The IASI retrieved
N2O variability (within the quality controlled data) is much higher before that date, at all
stations. At some stations (but not all) there is also a positive step in the bias at that date.
This inconsistency in the time series and the larger variability in the older data led to the
decision to use only our N2O retrieved data starting on 30 September 2014 (when the
EUMETSAT IASI level 2 processor version 6 was switched on). This also explains why
we have not considered processing the IASI retrievals prior to 2011 when the PCA do
not exist: it would represent a significant development time to use the “non-PCA” IASI
data and would not bring very interesting results. The further updates in the IASI level 2
data version lead to smaller differences in the N2O retrievals, not very clearly visible in
Figures 17 and 18 (except maybe a lower bias at Wollongong with the IASI level 2 version
6.1.1 from end 2015 to mid 2016), but clearly visible if one creates time series on large
geographical averages, to reduce the variability (not shown).
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Figure 19 shows the weekly averaged relative bias at NDACC and TCCON stations,
for the years 2017 and 2018. Except for some very limited periods and stations, the IASI
bias is positive. It remains mostly below 5%, with no clear seasonal pattern. The IASI
retrievals at high latitudes overall present a slightly larger bias, confirming what was
already identified in the analysis of the N2O partial columns (Section 4.1). Comparisons
at NDACC stations are significantly different for years 2017 and 2018 (with a higher IASI
bias in 2018), while at TCCON stations the bias is very similar for both years. This is
yet unexplained.

Figure 20 shows the mean bias and the bias standard deviation for all NDACC and
TCCON stations for the period since 30 September 2014 until end 2020. As comparison (not
shown), the validation was also undertaken without the a priori substitution and averaging
kernel smoothing, and leads to very similar results (overall bias differences within 0.2%,
standard deviation differences within 0.3%). It is also interesting to note that the N2O
spectroscopy should not be responsible for the difference between the ground-based and
IASI N2O data, because the N2O spectroscopy has not changed between HITRAN2008 (used
in the ground-based retrievals) and HITRAN2012 (used to create the RTTOV coefficient
tables) [81].

Figure 16. Validation time series at the NDACC Lauder station: time series of (top) relative bias of
the averaged co-located IASI data and (bottom) IASI adjusted N2O partial columns (pcolIASI,adj) and
ground-based (GB) smoothed partial columns (pcolNDACC,regr,sm). Statistics of the comparisons are
also shown: mean and median bias, standard deviation of the bias and median of absolute deviations
(MAD) adjusted to correspond to the standard deviation of a Gaussian distribution (multiplied by
1.4826). Dotted red vertical lines represent the changes in the EUMETSAT IASI level 2 processor
version listed in Table 1, and in addition the 16 May 2013 when an update in the EUMETSAT
operational level1 processing occurred [76].

Figure 17. Same as Figure 16 for the NDACC Kiruna station.

Except at high latitude stations, the (positive) bias is between 1.8 and 4%. In Antarctica
(Arrival Heights), the IASI bias with respect to NDACC is as high as 6.4%, yet unexplained
except by plausible difficulties (lower sensitivity and larger uncertainties) for both ground-
based and IASI retrievals in this difficult location. At high North latitude stations, the bias
with respect to TCCON is significantly larger than the usual bias while the bias with respect
to NDACC remains below 4%, except at Ny Ålesund. For the latter station, we attribute
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the larger IASI bias to a low bias of the NDACC data, for which indeed the systematic and
random uncertainties are reported to be, respectively, about 4% and 2%, much higher than
at most stations. The difference between NDACC and TCCON comparisons at high north
latitudes can be linked to the work of Zhou et al. [82], who compared total column averaged
N2O from NDACC and TCCON at 7 stations (Ny Ålesund, Sodankylä, Bremen, Izaña,
Réunion, Wollongong and Lauder). They showed that at high north latitudes, NDACC
columns tend to be larger than TCCON columns (especially when the station is inside the
polar vortex: TCCON tends to underestimate the N2O column), which could explain that
in our comparisons the IASI bias, being positive, is much larger with respect to TCCON
than NDACC, at all northern latitude stations.

Figure 18. Same as Figure 16 for the TCCON Wollongong station but here in terms of dry-air
column-averaged mole fractions, the standard TCCON unit.

(a)

(b)

Figure 19. Relative bias of IASI NOPIR N2O at (a) NDACC and (b) TCCON stations: weekly average
for the years 2017 and 2018 .

On the other hand, at Wollongong and Lauder the TCCON columns are reported by
Zhou et al. [82] to be much larger than the NDACC columns, explaining that our IASI
positive bias is larger with respect to NDACC than TCCON at those stations.



Remote Sens. 2022, 14, 1810 23 of 30

The standard deviation of the comparisons varies between 1.5 and 3%, exceeding
the expected natural seasonal and latitudinal variability (respectively, of 1 ppb/0.3% and
2 ppb/0.6%). The standard deviation of the comparisons is, however, in the range of
the random uncertainty on the IASI retrievals, and also showing larger values at higher
latitudes where the uncertainty is larger.

Finally, the Pearson correlation between IASI and NDACC/TCCON N2O data is of,
respectively, 0.44 and 0.49 if grouping all data from a network (all stations, all years) in a
single analysis. However, we think that the correlation is not very representative when
characterizing the data quality of a parameter with very little variability as is N2O (1 ppb
seasonal variability, 2 ppb latitudinal variability, 5.7 ppb along 6 years, for a total of about
only about 2.6% expected variability over the whole analysis, well below the combined
uncertainties of the compared data).

Figure 20. Mean relative bias and standard deviations (std dev) of IASI NOPIR N2O at NDACC and
TCCON stations, for comparisons from 30 September 2014 to 31 December 2020.

5. Discussion

We have presented a new N2O retrieval from IASI, with the Nitrous Oxide Profiling
from Infrared Radiances (NOPIR) algorithm. We provided a description of the technical
setup of the retrieval, of its quality control, its sensitivity and uncertainties and its validation
against ground-based data from NDACC and TCCON networks. The N2O integrated
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columns obtained with the NOPIR algorithm are overall of very good quality: the validation
at the pixel level shows overall a 1.8 to 4% positive bias (with 1.5 to 3% standard deviation)
of NOPIR columns with respect to ground-based observations, except at high North latitude
TCCON stations (where another analysis has shown that TCCON data can be biased [82]),
and in Antarctica (yet unexplained, but there is only one NDACC station available and its
data is reported with a relatively high mean systematic bias of 3.5%).

The estimated uncertainties on the NOPIR columns are usually of 1 to 3% (mostly
random, but there is certainly a systematic component: the updates in the IASI level 2 data
from EUMETSAT lead to step increases in the NOPIR retrieved N2O), linked mostly to the
IASI spectral noise, the vertical smoothing due to the retrieval’s constraint and uncertainties
in the temperature profile. At high latitudes, the uncertainty linked to the temperature
profiles increases. The surface emissivity introduces a significant additional uncertainty
(possibly up to 2.5% of unknown sign and varying with the season) over land where the
emissivity is difficult to characterize, such as snow or deserts. The ground-based NDACC
data also bears a systematic uncertainty of 2 to 4.4% of unknown sign, and random of 0.5
to 2% (as reported in the data files). The TCCON columns bear no systematic uncertainty
(corrected in the processing) and a mean estimated random uncertainty of maximum
about 0.5% (except at Ascension where it goes up to 0.9%, see Table 3) to which about
1% should be added as uncertainty in the systematic bias correction during the TCCON
processing [10]. The IASI bias with respect to ground-based observations falls within the
sum of the uncertainties on the compared values.

One can argue that uncertainties such as those of NOPIR, NDACC or TCCON are too
high with respect to the expected very low natural variability of N2O, currently reported
to be of about 1 ppb (0.3%) seasonally or 2 ppb (0.6%) geographically [3]. However,
the local emissions lead to an increased local N2O column, and that might well exceed the
observation uncertainties. This analysis is beyond the scope of the current manuscript,
but is certainly an interesting future prospect. With the properties of the IASI instrument,
we are not convinced that the quality of the N2O column can be improved enough to
reach N2O source detection with sufficient confidence. However, the future instrument
IASI-NG (New Generation) that will fly onboard the Metop-SG (Second Generation) series
of platforms (the first is planned for launch in 2024) will have a twice better signal-to-
noise ratio, and a twice higher spectral resolution. We expect that will allow obtaining an
improved N2O product, with higher sensitivity (increased DOF) and lower uncertainty,
which might allow source detection.

The analysis of long-term trends in the N2O abundance is already possible with the
current IASI instrument, as was shown by Barret et al. [18]. Our product, however, suffers
from the inconsistencies in the EUMETSAT IASI level 2 temperature (and humidity) vertical
profiles, used to set up the atmosphere in NOPIR. We have discussed the significant impact
of the update of the EUMETSAT IASI level 2 processor from version 5 to version 6, leading
to the decision to use only data from the version 6 starting in September 2014. A short-
term trend analysis was attempted using 6 years of data (2015 to 2020), but we rejected
that analysis because it was very clear that even the small changes in the EUMETSAT
IASI level 2 processing version (listed in Table 1) lead to small jumps in our N2O column
time series. Those jumps are of the order of +/− 0.5 to 1% at most, observed only after
significant spatial averaging of the data to remove the noise (in the attempt to observe
trends, e.g., a 30° latitude band) while barely seen in the validation. Those jumps, occurring
four times in 6 years, are clearly enough to prevent the successful observation of a trend
expected to be about 0.3%/year. Our algorithm development in this work was aimed at a
possible operational retrieval, therefore using the best data available if the retrieval is run in
near-real-time: that is indeed the IASI level 2 data, available timely and aiming at the best
possible quality in near-real-time. In that sense, our development can be considered very
successful and the NOPIR product is of very good quality. To observe trends, the long-term
consistency is the most important factor, beyond any recurring bias that can be corrected
for. In a future work, we will adapt NOPIR for a trend analysis specific version using a
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consistent data set of temperature and humidity profiles, such as the European Center for
Medium-range Weather Forecasts (ECMWF) reanalysis data.
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DOF Degrees of Freedom
EUMETSAT European Organisation for the Exploitation of Meteorological Satellites
FTIR Fourier-Transform InfraRed
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IASI Infrared Atmospheric Sounding Interferometer
IASI-NG Infrared Atmospheric Sounding Interferometer New-Generation
IPSF Instrument Point Spread Function
IRWG InfraRed Working Group
LBLRTM Line-By-Line Radiative Transfer Model
LEO Low Earth Orbit
MAPIR Mineral Aerosol Profiling from Infrared Radiances
MERRA Modern-Era Retrospective Analysis for Research and Applications
MIPAS Michelson Interferometer for Passive Atmospheric Sounding
MHS Microwave Humidity Sounder
MLS Microwave Limb Sounder
MUSICA MUlti-platform remote Sensing of Isotopologues for investigating the Cycle of

Atmospheric water
NASA National Aeronautics and Space Administration
NDACC Network for the Detection of Atmospheric Composition Change
NOAA National Oceanic and Atmospheric Administration
NOPIR Nitrous Oxide Profiling from Infrared Radiances
OEM Optimal Estimation Method
PCA Principal Components Analysis
PWLR Piece-Wise Linear Regression
RMSSR Root Mean Square of Spectral Residuals
RTTOV Radiative Transfer for TOVS
SOFRID SOftware for a Fast Retrieval of IASI Data
TCCON Total Carbon Column Observing Network
TES Tropospheric Emission Spectrometer
TIR Thermal InfraRed
WN Wavenumber
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