
HAL Id: hal-03279951
https://hal.science/hal-03279951

Submitted on 7 Jul 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Retrieval of Metop-A/IASI N2O Profiles and Validation
with NDACC FTIR Data

Brice Barret, Yvan Gouzenes, Eric Le Flochmoen, Sylvain Ferrant

To cite this version:
Brice Barret, Yvan Gouzenes, Eric Le Flochmoen, Sylvain Ferrant. Retrieval of Metop-A/IASI N2O
Profiles and Validation with NDACC FTIR Data. Atmosphere, 2021, 12 (2), �10.3390/atmos12020219�.
�hal-03279951�

https://hal.science/hal-03279951
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


atmosphere

Article

Retrieval of Metop-A/IASI N2O Profiles and Validation with
NDACC FTIR Data

Brice Barret 1,* , Yvan Gouzenes 1, Eric Le Flochmoen 1 and Sylvain Ferrant 2

����������
�������

Citation: Barret, B.; Gouzenes, Y.; Le

Flochmoen, E.; Ferrant, S. Retrieval of

Metop-A/IASI N2O Profiles and

Validation with NDACC FTIR Data.

Atmosphere 2021, 12, 219. https://

doi.org/10.3390/atmos12020219

Academic Editors: Stephan

Havemann and Maya Garcia-Comas

Received: 18 December 2020

Accepted: 29 January 2021

Published: 5 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Laboratoire d’Aérologie/OMP, Université de Toulouse, CNRS, UPS, UMR5560, 14 Avenue Edouard Belin,
31400 Toulouse, France; yvan.gouzenes@hotmail.fr (Y.G.); eric.leflochmoen@aero.obs-mip.fr (E.L.F.)

2 Centre d’Etudes Spatiales de la Biossphére/OMP, Université de Toulouse, CNES, CNRS, INRAE, IRD, UPS,
UMR5126, 14 Avenue Edouard Belin, 31400 Toulouse, France; sylvain.ferrant@cesbio.cnes.fr

* Correspondence: brice.barret@aero.obs-mip.fr

Abstract: This paper reports atmospheric profiles of N2O retrieved from Metop/IASI with the Soft-
ware for the Retrieval of IASI Data (SOFRID) for the 2008–2018 period and their validation with
FTIR data from 12 stations of the Network for the Detection of Atmospheric Composition Changes
(NDACC). SOFRID retrievals performed in the 2160–2218 cm−1 spectral window provide 3 inde-
pendent pieces of information about the vertical profile of N2O. The FTIR versus SOFRID compar-
isons display a better agreement in the mid-troposphere (MT, 700–350 hPa) than in the lower (LT,
Surface–700 hPa) and upper (UT, 350–110 hPa) troposphere with correlation coefficients (R) in the
0.49–0.83 range and comparable variabilities (3–5 ppbv). The agreement for oceanic and coastal
stations (R > 0.77) is better than for continental ones (R < 0.72). The SOFRID MT N2O mixing ratios
are significantly biased high (up to 16.8 ppbv) relative to FTIR at continental stations while the biases
remain below 4.2 ppbv and mostly unsignificant when oceanic data are considered. The average
MT decadal trends derived from SOFRID at the 8 NDACC stations with continuous observations
during the 2008–2018 period (1.05 ± 0.1 ppbv·yr−1) is in good agreement with the corresponding
FTIR trends (1.08 ± 0.1 ppbv·yr−1) and the NOAA-ESRL trends from surface in-situ measurements
(0.95 ± 0.02 ppbv·yr−1). In the Northern Hemisphere where they are clearly detected, the N2O MT
seasonal variations from SOFRID and FTIR are phased (summer minima) and have similar amplitudes.
SOFRID also detects the UT summer maxima indicating independent MT and UT information. The
global MT N2O oceanic distributions from SOFRID display low geographical variability and are
mainly characterized by enhanced tropical mixing ratios relative to mid and high latitudes.

Keywords: Nitrous Oxide (N2O); IASI; remote sensing; greenhouse gases; tropospheric composition

1. Introduction

Since 2011, Nitrous Oxide (N2O) has become the third most important greenhouse
gas (GHG) [1] whith a global warming potential about 300 times larger than CO2 over a
100 years period [2]. Once in the stratosphere N2O molecules are destroyed by photolysis
or reaction with O(1D) and are the main source of NOx which are involved in ozone
depletion. As N2O is inert in the troposphere and is not removed by dry or wet deposition
or absorbed by oceanic uptake, its atmospheric lifetime is over 100 years. Recently, the
lifetime of N2O has been estimated between 109 and 125 years [3].

N2O is emitted in the atmosphere by various sources: natural and agricultural soils,
oceans, industries related to fuel combustion and biomass burning. Natural soils and oceans
account for about 2/3 of the emissions (10 and 12 Tg N2O-N yr−1) with the remaining third
(5.3 Tg N2O-N yr−1) caused by anthropogenic activities. Agriculture accounts for 66% of the
anthropogenic emissions [4]. The two most important processes responsible for N2O soil
emissions are nitrification and denitrification by microbial activity. Denitrification consists
in the reduction of nitrite and nitrate in anaerobic or micro-aerobic conditions. Incomplete
denitrification produces N2O instead of N2. It occurs preferentially in undrained and
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anoxic soils, with an excess of nitrate, conditions often met in agricultural soils during
wet seasons [5]. Denitrification has a higher yield than nitrification which is the aerobic
oxydation of ammonium into nitrite and nitrate.

The rise of N2O during the industrial era has been found to be primarily caused
by the use of inorganic fertilizers and manure production [2,6]. Furthermore, the most
rapid increase of N2O emissions comes from croplands in the tropical belt as a result of
agricultural practices such as fertilizer use and irrigation [7]. Davidson and Kanter [4]
reported in 2014 that, depending on the scenario for future N2O emissions , they could
double (business as usual) or decrease by 22% (concerted mitigation) leading to a stable
350 ppbv by 2050. According to a more recent publication [8], the rise of N2O atmospheric
content follows the highest Representative Concentration Pathway (RCP8.5) from the fifth
IPCC assessment report [9].

Surface N2O concentrations are monitored in-situ by the NOAA/ESRL and AGAGE
networks for more than 40 years. These observations show an almost linear N2O increas-
ing trend of 0.26%·yr−1 (or 0.82 ppbv·yr−1) between the early 1980 and 2005 [2] and of
0.85 ± 0.1 ppbv·yr−1 from 2001 to 2015 [10] at the global scale. An increase of 0.79 ppbv·yr−1

between 1997 and 2007 is also documented at a central European station [11].
Observations with FTIR (Fourier Transform Infra Red) instruments from the Network

for the Detection of Atmospheric Composition Change (NDACC) also allow the monitoring
of N2O total or partial columns [12]. Over the 1996–2007 period the analysis of FTIR
observations give trends of 0.2%·yr−1 at Northern Hemisphere (NH) midlatitudes and
0.3–0.4%·yr−1 at higher northern latitudes for N2O total columns.

GHG emissions can be estimated by bottom-up and top-down methods. For CH4 some
top-down inverse modeling methods are taking advantage of spaceborne observations
such as SCIAMACHY [13] or GOSAT [14]. Spaceborne observations provide a global
and continuous coverage which is valuable to estimate the emissions of long lived gases
with localized sources. Nevertheless, in the case of N2O top-down methods are based on
continuous surface monitoring sometimes combined to air- or ship-borne campaigns [10,15]
because no global validated spaceborne data are available to the community.

The first retrieval of N2O atmospheric content from satellite data has been performed
by [16] using NOAA/TOVS observations. They reported an increase of 1.4 ppbv·yr−1

for the 20–60 N latitude band between 1987 and 1991 which is clearly overestimating
surface observations. Preliminary N2O total columns retrieved from IASI with a beta
version of the EUMETSAT software were reported for a narrow tropical band (20 N–20 S) in
Ricaud et al. [17]. Garcia et al. [18] is the first study to report a thorough validation of N2O
retrievals from the Metop/IASI sensors. Their study was limited to comparisons of IASI
N2O total columns retrieved with the EUMETSAT neural network algorithm [19] with FTIR
columns from the Izana observatory in the subtropical North Atlantic. Garcia et al. [20]
present CH4 and N2O IASI retrievals with the MUSICA algorithm. They compare their
retrievals with FTIR data at three NDACC stations, with Global Atmospheric Watch
(GAW) surface measurements and with airborne HIPPO observations over the Pacific [21].
In both Garcia et al. [18] and Garcia et al. [20], the comparisons with FTIR data are
limited to one and three NDACC stations respectively and to IASI-pixels recorded over
sea. Garcia et al. [20] focuses on CH4 with N2O as an interference and a by product that
allow the improvement of their CH4 retrievals. They display global ditributions of CH4
but none of N2O.

In the present paper, we report IASI N2O profiles retrieved with the SOftware for
a Fast Retrival of IASI Data (SOFRID) and their global validation with NDACC-FTIR
data at 12 stations for the 2008–2018 period. We first describe the adaptation and settings
of SOFRID for the retrieval of N2O profiles. The characterization of SOFRID and FTIR
retrievals are then reported. Based on information content analysis, the results of the
comparisons are analyzed for three tropospheric layers in terms of general statistics, biases,
trends and seasonal variability. Global distributions of mid-tropospheric SOFRID-N2O are
presented and analysed. We finally present our conclusions and prospective activities.
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2. Global Retrieval of N2O Profiles From IASI
2.1. IASI

IASI sensors are nadir viewing Fourier Transform Spectrometer onboard the MetOp
polar-orbiting satellites (2006–2012–2018). IASI measures the radiance emitted by the Earth-
atmosphere system in the thermal infrared (645 to 2760 cm−1) with a moderate spectral
resolution of 0.5 cm−1 after apodisation. It provides global Earth coverage twice a day, with
an overpass time at ∼9.30 (day) and ∼21.30 (night) local solar time and a 12 km footprint at
nadir. IASI data have been largely used to document and monitor the atmospheric content of
a number of atmospheric pollutants such as carbon monoxide (CO, De Wachter et al. [22]),
ozone (O3, Barret et al. [23]) or ammonia (NH3, Van Damme et al. [24]).

2.2. IASI-SOFRID N2O Retrievals

The SOFRID has been developed for near-real time retrieval of global O3 and CO
profiles from IASI radiances. SOFRID is based on the RTTOV [25] radiative transfer model
coupled to the 1D-Var algorithm developed at UK Met Office (UKMO) [26]. SOFRID O3
retrievals are described in details in Barret et al. [23] and SOFRID CO retrievals in [22].

The radiative transfer calculations are performed with the RTTOV-9.3 model [25,27,28].
RTTOV is a regression model where optical depths are parameterised by a set of prede-
fined profile dependent-predictors, which are functions of temperature, pressure, absorber
amount and viewing angle [27]. The RTTOV regression coefficients are derived from
line-by-line calculations performed with the LBLRTM radiative transfer model [29] with
line parameters from the HITRAN 2004 spectroscopic database [30]. The land emissiv-
ity is computed with the UWiremis IR land surface emissivity module implemented in
RTTOV [31]. This module is based on a monthly climatology combining laboratory mea-
surements and land surface emissivity product from the Moderate Resolution Imaging
Spectroradiometer (MODIS), the UW Baseline Fit Emissivity Database [32]. Surface and
atmospheric parameters (Surface pressure and temperature, wind speed, temperature and
humidity atmospheric profiles) are interpolated in space and time from ECMWF (European
Centre for Medium-range Weather Forecast) 6-hourly analyses.

The UKMO 1D-Var algorithm [26] has been developed for the assimilation of radi-
ances from nadir-viewing sensors within the EUMETSAT Satellite Application Facility for
Numerical Weather Prediction (NWP SAF). It is based on the Optimal Estimation Method
(OEM) described by Rodgers [33].

SOFRID N2O retrievals are performed with a set up close to the one applied for CO and
described in details in DeWachter et al. [22]. In this previous paper, CO and N2O profiles
were retrieved from the 2143–2181 cm−1 spectral window on 43 fixed pressure levels from
the surface to 0.1 hPa. A typical IASI synthetic spectrum is displayed in Figure 1 for the
2140–2300 cm−1 window. The radiances including the contribution of all absorbing gases
is displayed in Figure 1a, the contributions of N2O and CO2 in Figure 1b the contributions
of CO and H2O in Figure 1c. In De Wachter et al. [22], the upper wavenumber limit was
selected in order to maximize CO information and minimize N2O interferences. Here, we
aim to maximize the N2O information. Therefore we have shifted the spectral window
to 2160–2218 cm−1. The 2160 cm−1 lower limit has been selected to limit the number of
CO absorption lines and the 2218 cm−1 upper limit to avoid CO2 absorptions (Figure 1b).
The selected window clearly contains a high number of N2O absorption lines with a large
variability of intensities which enhances the information content about the N2O profile.

Previous studies have documented N2O retrievals from other spectral windows. Re-
trievals from the EUMETSAT neural network Garcia et al. [19] analysed in Garcia et al. [18]
are based on the 2200–2244 cm−1 window. This window contains mostly saturated N2O
lines and intense interfering CO2 lines (see Figure 1b). We have therefore chosen a window
close to the EUMETSAT one but extending towards the low wavenumbers in order to avoid
these problems and use a larger variety of N2O lines. Garcia et al. [20] document CH4
and N2O IASI retrievals with their MUSICA algorithm in the 1190–1400 cm−1 window.
We have not selected a window in this part of the spectrum because it is characterized by



Atmosphere 2021, 12, 219 4 of 26

strong CH4 absorptions that interfere with the N2O ones. In Garcia et al. [20] this window
is selected primarily for CH4 retrievals that provide better results taking advantage of the
simultaneous N2O retrievals.

Figure 1. (a) simulated IASI radiance for the 2140–2300 cm−1 spectral range, (b) contributions of
N2O and CO2 and (c) contributions of CO and H2O.The spectral window selected for the N2O profile
retrieval (2160–2220 cm−1) is indicated with the vertical lines.

In our window, H2O and CO are the main interfering gases and their profiles are
therefore retrieved simultaneously with N2O. As usual [22,23] the surface temperature is
also retrieved to adjust the spectrum baseline.

The OEM is a bayesian statistical method that combines the measurement (here the
IASI radiances) and an a priori estimation of the retrieved variables (here, N2O, CO and
H2O profiles) with weights based on their respective error covariances [33]. For the IASI
radiances, the error is the radiometric noise and for the a priori profiles of the absorbing
gases the error are estimated from the concentration variability.

The estimated radiometric noise in the spectral region of our selected window was
estimated to be less than 0.02 mW/(m2·sr·cm−1) [34]. According to the more recent study
of Hilton et al. [35], the IASI radiometric noise in the 2050–2220 cm−1 spectral window is
about 0.024 mW/(m2·sr·cm−1) corresponding to a Noise Equivalent Delta Temperature
(NEDT) below 0.4 K. For the radiometric noise used for our retrievals (see Rodgers [33])
we have chosen a larger value (0.05 mW/(m2·sr·cm−1)) in order to take uncertainties
on the surface, atmospheric and spectroscopic parameters into account. For CO, the a
priori information is based on 2 years of in-situ airborne CO profiles, complemented by
Aura/MLS above the aircraft cruise altitude [22]. A single a priori profile xa is used globally.
The N2O a priori profile has a Volume Mixing Ratio (VMR) that decreases from 324 to
313 ppbv from the surface to 300 hPa with a value of 321 ppbv at 550 hPa.

The global N2O variability is poorly known. Aircraft observations from the Hiaper
Pole to Pole Obsevations (HIPPO) programm show that over the whole troposphere N2O
variations over the Pacific ocean are of 3–5 ppbv around 322 ppbv which represents less
than 2% [36]. Nevertheless, Pacific ocean is not characterized by important emissions of
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N2O and HIPPO data underestimate the global variability. Estimations of N2O recent
trends from surface data give values of about 0.8 ppbv·yr−1 [2,10]. Angelbratt et al. [12]
report 0.2–0.4%·yr−1 positive trends from total N2O columns retrieved from NDACC FTIR
data. Data from the AGAGE and NOAA/ESRL surface in-situ networks indicate a seasonal
variability between 0.3 and 0.9 ppbv depending on the station [37]. Taking an upper limit
of 2.5% for the seasonal variability and an increase of N2O of 0.25%·yr−1 over 10 years we
can therefore roughly estimate a global variability of 4% for tropospheric N2O over the
IASI period. Taking into account a potential higher variability related to emission sources,
we have used a diagonal a priori covariance matrix corresponding to a constant variability
set to 5%.

We keep pixels for which convergence is achieved based on the value of the retrieval
cost function (Jcost) which has to be positive, the value of its normalized gradient and the
evolution of Jcost between the two last iterations according to Havemann [38]. Examples of
observed and simulated spectra after retrieval are displayed in Figure 2 for the Izana and
Lauder NDACC stations in July. At Izana the surface temperature is high (293 K) leading
to a strong signal while the lower temperature at Lauder in winter (277 K) is responsible for
a weaker signal. For both spectra, the Root Mean Square Deviations (RMSD) corresponding
to the fit residuals (0.016 and 0.011 mW/(m2·sr·cm−1)) are below 0.020 mW/(m2·sr·cm−1).
Only pixels with RMSDs of the fit residuals below this value corresponding to the estimated
noise in Clerbaux et al. [34] are selected in our analysis. This conservative approach is
justified by the very low N2O variability (see Section 3) which requires the best data to be
detected. With this selection criterium, about 15% of the data are further elliminated.

Figure 2. Example of spectral fits in the N2O window: (a) observed (IASI) and fitted radiances for
Izana and Lauder in July, (b) observed minus fitted radiances (residuals). The dashed horizontal
lines indicate the noise level from Hilton et al. [35].
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Retrievals are performed for cloud-clear scenes only (cloud fraction derived from
AVHRR below 15%). In addition, for missing AVHRR cloud data, a cloud filtering based
on IASI brightness temperatures at 11 and 12 µm is applied [23].

Preliminary comparisons based on SOFRID retrievals selected according to the pre-
vious criteria have shown that nighttime retrievals provide better agreement with FTIR
data than daytime retrievals. The improvement being the largest for Land pixels. In the
following we will therefore show results from nighttime SOFRID retrievals only.

3. FTIR N2O from NDACC Stations

N2O FTIR data are available for the IASI period at 17 stations of the NDACC network
(http://www.ndaccdemo.org/ (accessed on 13 March 2020)). For high latitude stations
(Eureka, Ny-Alesund, Thule in the NH and Arrival-Heights in Antarctica), surface tem-
peratures and therefore the IASI radiances are very low. The N2O retrievals therefore
contain little information and we have decided not to use FTIR data from these stations.
At the Paramaribo equatorial station, there are not enough months with FTIR data over
the 11 years (less than 25 months with more than 3 days with data) and we also disregard
this station. We have therefore performed our comparisons with data from the 12 re-
maining NDACC stations (see Table 1). At 11 among these 12 stations the a priori mixing
ratios in the troposphere (below 300 hPa) range from 313 to 318 ppbv and from 316 to
317 at ∼550 hPa. The tropospheric a priori mixing ratios are the largest (322–324 ppbv) at
Wollongong.

Table 1. List of NDACC stations with N2O measurements during the IASI period (2008–2018).
Stations with names in bold face correspond to stations with continuous measurements during the
2008–2018 period.

Station Latitude Longitude Altitude (m) No Data Months with Data

Kiruna 67.84 20.40 43 96
Bremen 53.10 8.85 46 51
Zugspitze 47.42 10.98 2950 130
Jungfraujoch 46.55 7.98 3580 126
Toronto 43.66 −79.40 174 89
Rikubetsu 43.46 143.77 57 2011–2013 54
Izana 28.30 −16.48 2370 117
Mauna-Loa 19.54 −155.57 3400 95
Altzomoni 19.12 98.66 3985 2008–2012 64
Maido −21.5 55.4 2155 2008–2013 60
Wollongong −34.41 150.88 30 121
Lauder −45.04 169.68 37 118

In order to remove anomalous FTIR data, we have selected them according to the
two following criteria. First, in some cases, the FTIR profiles present anomalous oscil-
lations. To elliminate the strongest oscillations, we have set an upper limit of 25 ppbv
for the difference between the minimum and maximum concentration below 250 hPa in
each retrieved profile. From these data we have computed an average linear trend of
1.1 ± 0.1 ppbv·yr with a mean 2008 concentration of 316 ± 2.5 ppbv for the 12 NDACC
stations. We have further removed data for which the difference between the MT mixing
ratio and the corresponding value of the mean linear relationship is larger than 16 ppbv
(±5%). Both criteria remove 6% of the data. Finally, for each station, we kept monthly
averages for months with more than 3 days with valid observations.

The Table 1 shows that the datasets from these 12 stations are not equivalent in terms
of time sampling and period covered. Some stations are providing data continuously over
the 11 years with more than 89 months with more than 3 days with valid data (Kiruna,
Jungfraujoch, Zugspitze, Toronto, Izana, Mauna-Loa, Lauder, Wollongong). Some stations
do not provide continuous data on the whole 2008–2018 period. The japanese station

http://www.ndaccdemo.org/
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Rikubetsu does not provide data for the 2011–2013 period and the time sampling is not
very high for the periods with data. The Bremen station provides data over the whole
IASI period but with a rather low sampling frequency and no data for fall and winter
months (51 months with more than 3 days with valid data). Altzomoni and Maido stations
only start providing data in 2012 and 2013. However, geographically, these 12 stations
represent a good global coverage from the NH high latitudes to the tropics and the Southern
Hemisphere (SH) mid-latitudes with continental, coastal and oceanic stations.

NDACC-FTIR N2O retrievals are described in Angelbratt et al. [12] for 4 stations and in
Zhou et al. [39] for 7 other stations. The retrieval strategy varies from site to site depending
on humidity conditions, instrument type and retrieval software. In all cases, the retrievals
are performed from microwindows in the 2481–2541 cm−1 spectral range with spectral
resolutions ranging from 0.0035 to 0.005 cm−1. In agreement with Angelbratt et al. [12] and
Zhou et al. [39] we show in Section 4 that N2O FTIR retrievals from the different NDACC
stations provide consistent information.

4. Characterization of SOFRID and FTIR N2O Retrievals
4.1. Theoretical Characterization of Retrieved Profiles

The retrieved quantities are gathered in the state vector x. In our case, this vector
contains the vertical profiles of N2O, CO and H2O and the surface temperature. The true
state is x, the retrieved state is x̂ and the a priori state xa. For a linear or not too strongly
non-linear retrieval, the retrieved state can be written as [33,40] :

x̂ = xa + A(x − xa) + E (1)

E is the error due to the measurement noise and to the uncertainties on the parameters
used by RTTOV to simulate the radiance spectrum (such as atmospheric temperature
and water vapor, surface emissivity, spectroscopic parameters). The averaging kernel
matrix, A, characterizes the sensitivity of the retrieved state to the true state. The element
A(i, j) is the relative contribution of the element x(j) of the true state to the element x̂(i)
of the retrieved state. The vertical resolution of the retrieved profile can be defined as the
Full Width at Half Maximum (FWHM) of the rows of the averaging kernel matrix. The
number of independent pieces of information contained in the measurement about the
state vector can also be estimated as the Degrees of Freedom for Signal (DFS) defined as
the trace of the averaging kernel matrix [33]. For the vertical profiles of gases (such as
N2O) we can approximate a piece of information to the mean concentration in a given
atmospheric layer. For a given retrieved gas, the corresponding DFS (trace of the averaging
kernel submatrix correponding to the profile of this gas) therefore provides the number
of independent retrieved layers. For a given gas, the concentration in a given layer is
theoretically independently retrieved if the correponding DFS (the trace of the averaging
kernel submatrix corresponding to the gas and layer) is equal to or larger than one.

From Equation (1), it is possible to compute the retrieval error (provided in Section 4.2
for SOFRID and FTIR retrievals) as the difference between the true and the retrieved states.
For IASI trace gases retrievals, the dominant source of error is due to the smoothing of the
true profile by the averaging kernel matrix accounting for the limited vertical resolution
and the a priori effect [40–42] . The smoothing error covariance matrix is given by:

Ss = (A − I)Sa(A − I)T (2)

4.2. Information Content and Error Analysis for Iasi and Ftir N2O Retrievals

For IASI nadir-looking observations, the vertical sensitivity and averaging kernels
depend on surface (emissivity, temperature) and atmospheric (temperature, humidity)
properties and on the surface atmosphere thermal contrast [34]. They therefore depend on
season and location. IASI-SOFRID N2O averaging kernels for 2 NDACC stations, Izana
in the tropical Atlantic in April and Wollongong in south-east Australia in January are
displayed in Figure 3 for 5 layers: Lower Troposphere (LT, Surface–700 hPa), Middle
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Troposphere (MT, 700–350 hPa), Upper Troposphere (UT, 350–110 hPa), Stratosphere (Strat,
110–10 hPa) and Total (Tot., Surface-10 hPa). For both stations, the sensitivity is very low in
the Stratosphere and rather low in the UT. Concerning the LT, the sensitivity is high for
Izana in April and low for Wollongong in January. This difference highlights the larger
sensititivity of LT retrievals to surface conditions. For both stations the MT averaging
kernels are very similar and show a high sensitivity (0.5–1) in their nominal pressure range
(700–350 hPa).

Figure 3. N2O averaging kernels for (a) IASI in Wollongong in July (b) NDACC in Wollongong in July (c) IASI in Izana in
January (d) NDACC in Izana in January. Total Column (Tot), Lower Troposphere (LT, 1013–700 hPa), Middle Troposphere
(MT, 700–350 hPa), Upper Troposphere (UT, 350–110 hPa) and Stratosphere (Strat., 100–10 hPa).

The DFS of the total N2O columns varies between 2.6 and 3.5 for the 12 stations and
4 seasons. Retrievals performed from AIRS data in a similar spectral window provide
about 1 DFS [43]. The higher IASI DFS results from the higher spectral resolution and
lower noise. The SOFRID-N2O retrievals therefore contain about three independent pieces
of information about the N2O vertical distributions. The low sensitivity in the stratosphere
results in very low DFS (0.08–0.15). Such a low sensitivity is due to the low IASI spectral
resolution that does not allow to resolve the narrow stratospheric contribution to the
integrated absorptions. The monthly DFS for LT, MT and UT for Izana and Wollongong
are provided in Table 2 for January–April-July–October 2014 in order to give an idea about
the spatio temporal variability of the information content for the tropospheric layers. The
differences are not very important. In the three layers, the DFS are close to 1. As expected
from the inspection of the averaging kernels, the DFS are lower and more variable (0.5–1.2)



Atmosphere 2021, 12, 219 9 of 26

in the LT where IASI generally provides less than one piece of information. In the UT the
DFS are also lower than 1 (0.7–0.9). In the MT the DFS are larger than 1 highlighting the
higher sensitivity in this layer. Consistently with the information content, the retrieval
errors are the highest in the LT (∼5 ppbv) and the lowest in the MT (∼2.5 ppbv).

Table 2. Characterization of IASI N2O retrieved columns: Degrees of Freedom for Signal (DFS) and
retrieval errors (between brackets). LT stands for Lower Troposphere (Surf.–700 hPa), MT for Middle
Troposphere (700–350 hPa) and UT for Upper Troposphere (350–110 hPa).

Station January April July October

Izana LT 0.5 (4.7) 1.2 (4.4) 0.8 (5.1) 0.5 (4.8)
Izana MT 1.1 (2.6) 1.2 (2.4) 1.2 (2.4) 1.1 (2.5)
Izana UT 0.8 (3.2) 0.8 (3.1) 0.9 (2.9) 0.9 (2.6)
Wollongong LT 0.8 (4.8) 0.8 (4.5) 0.7 (4.3) 1.0 (4.8)
Wollongong MT 1.1 (2.7) 1.2 (2.6) 1.1 (2.6) 1.1 (2.7)
Wollongong UT 0.8 (3.0) 0.9 (3.1) 0.7 (3.6) 0.9 (2.9)

For FTIR solar occultation observations, the sensitivity is not dependent on surface
properties and the variability between stations and seasons is low. The FTIR averaging
kernels for Wollongong in July (Figure 3b) and for Izana in January (Figure 3d) are very
similar. For the total column the sensivity is close to unity from the ground to the strato-
sphere. For LT, MT and UT the averaging kernels are bell-shaped functions peaking at the
nominal altitudes. For the LT the sensitivity is lower for Izana because of the high altitude
of the sation. The FTIR observations are more sensitive to stratospheric N2O than IASI
because of the much higher spectral resolutions of the FTIR instruments (<0.005 cm−1,
Angelbratt et al. [12]) that allow resolving the stratospheric absorptions.

The DFS for the total column (not shown) is almost constant for each stations. It is the
lowest for the high altitude stations Jungfraujoch and Mauna-Loa with values ranging from
1.9 to 2.3 and varies from 2.5 to 4.2 at the other stations. These values are in agreement with
Angelbratt et al. [12] who report DFS from 2 to 3 at 4 NDACC stations at northern middle
to high latitudes and with Zhou et al. [39] who report 2.4 to 3.9 DFS at seven NDACC
stations. At Izana and Wollongong (Table 3), the FTIR observations provide consistently
slightly less than 1 piece of information for the MT and UT (0.6–0.9). The corresponding
errors range from 2.0 to 4.3 ppbv. At Izana, the DFS for the LT (0.2–0.3) are lower than at
Wollongong (0.6–0.7) because of the altitude of the station. For the same reason, the highest
errors (6.1–7.5 ppbv) are found for the Izana LT mixing ratios. These DFS and error values
are representative of the selected 12 NDACC stations.

Table 3. Same as Table 2 for NDACC-FTIR N2O retrievals.

Station January April July October

Izana LT 0.3 (6.1) 0.3 (6.8) 0.2 (7.5) 0.3 (7.0)
Izana MT 0.8 (2.1) 0.8 (2.7) 0.8 (2.9) 0.8 (2.5)
Izana UT 0.7 (2.8) 0.6 (3.1) 0.6 (3.2) 0.7 (2.8)
Wollongong LT 0.6 (3.5) 0.6 (3.7) 0.7 (3.9) 0.7 (4.2)
Wollongong MT 0.6 (2.0) 0.7 (2.2) 0.8 (3.2) 0.8 (2.5)
Wollongong UT 0.8 (2.9) 0.8 (2.9) 0.9 (4.3) 0.9 (3.1)

5. Validation Results
5.1. Methodology

As shown in the previous section, both FTIR and SOFRID retrievals have comparable
sensitivities in the MT (Figure 3) providing around one piece of information. The IASI
retrievals are not consistently sensitive to the atmosphere close to the ground and generally
provide less than one piece of information in the LT. Most of the considered FTIR stations are
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at high altitudes preventing consistent LT comparisons. In the UT, the SOFRID retrievals are
also less sensitive than in the MT providing less than one piece of information. Therefore,
we have decided to focus on the SOFRID and FTIR N2O MT retrieved VMRs. We will also
discuss the ability of IASI to document the variations of LT and UT N2O VMRs. For LT,
MT and UT, the retrieved VMRs are computed as the ratio of the N2O to the air columns.

We have computed the mean monthly SOFRID and FTIR N2O LT, MT and UT VMRs.
For SOFRID, we have computed two different monthly means. First, for a rigorous com-
parison, we have computed a coincident mean (SOFRID Sel.). For each day with N2O
observations at a given NDACC station, IASI pixels have been selected for the same day
within ±2.5◦ in latitude and longitude around the station. The monthly means are com-
puted for months with at least three days with valid FTIR data. Second, in order to evaluate
the impact of the data coincidence and the SOFRID trends we have computed monthly
means including all SOFRID valid data within ±2.5◦ around the station (SOFRID All). The
methodology of the validation is summarized in a flow chart in Figure 4.

5.2. Results

We first present the general statistics based on the 11 years of monthly data records
and the comparisons of the trends deduced from these long term records. Then we discuss
the seasonal cycles as computed from detrended SOFRID and FTIR data.

5.2.1. General Statistics

The statsistics of the comparisons at the 12 stations and for the three tropospheric
layers (LT, MT and UT) are provided synthetically in a Taylor diagram [44] in Figure 5. In
this diagram, each observation (corresponding to one of the twelve NDACC stations and
one of the three tropospheric layers in our case) to be validated is represented by a point
placed within a quarter circle. The reference is located in the middle of the X-axis (see
Figure 5). The correlation coefficient between the reference and test dataset is given by the
azimuthal position of the point. The RMSD is proportional to the distance between the test
and the reference point. Finally, the radial distance from the origin is proportional to the
variance of the experiment. The normalisation of the RMSDs and standard deviations by
the standard deviation of the reference allows us to display the results from all the stations
and layers on a single diagram (see Taylor [44] for details).

The points corresponding to the three layers display important differences. All of the UT
points are gathered close to the origin of the diagram with SOFRID variabilities lower than
the FTIR ones with ratios from 0.33 to 0.58. Most of the LT points are also close to the origin
of the diagram with variability ratios ranging from 0.34 to 0.65. Nevertheless, at Zugspitze,
Toronto and Wollongong the SOFRID variabilities are close to the FTIR ones and the Kiruna
SOFRID LT variability is significantly larger than the FTIR one. In both the LT and UT the
points are also characterized by moderate correlation coefficients (0.19 to 0.69).

For the MT, except at Altzomoni, the points are gathered at the center of the Taylor
diagram. SOFRID and FTIR variabilities are therefore in better agreement than in the
LT and UT with ratios of the standard deviations ranging from 0.82 to 1.48. In the MT
the better agrement is also documented by higher correlation coefficients (0.57–0.83 for
11 stations). At Altzomoni the correlation coefficient is the lowest (0.48) and the SOFRID
standard deviation is 1.9 times larger than the FTIR one. This lesser agreement is probably
related to the low temporal coverage with missing data between 2008 and 2012 and to the
mountainous situation of this station. In the following we will focus on the MT for which
the agreement between FTIR and SOFRID N2O is the best.
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Figure 4. Flow chart of the validation methodology.

Figure 5. Taylor diagrams for the SOFRID versus FTIR monthly N2O VMRs comparison for the LT
(green diamonds), MT (blue circles) and UT (red stars) at the 12 NDACC stations (Table 1).
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For the MT, the detailed comparison statistics are given in Table 4. From the R values, it
is possible to roughly split the stations in two groups. The first group concerns continental
stations (Kiruna, Bremen, Zugspitze, Jungfraujoch, Toronto, Rikubetsu, Altzomoni, Lauder)
and the second one oceanic or coastal stations (Izana, Mauna-Loa, Maido, Wollongong). R
is lower than 0.72 for the first group and larger than 0.77 for the second one.

Table 4. Statistics of FTIR versus SOFRID N2O comparisons in the MT (700–350 hPa).

Station Bias (ppbv) RMSD (ppbv) R RMS IASI RMS FTIR

Kiruna −13.9 3.9 0.60 4.8 3.3
Bremen −3.6 3.5 0.63 3.5 4.3
Zugspitze −13.6 4.1 0.61 5.1 3.9
Jungfraujoch −16.8 4.0 0.60 4.9 3.9
Toronto −9.2 3.4 0.72 4.6 4.6
Rikubetsu −4.9 4.2 0.57 4.4 4.7
Izana −4.1 2.6 0.80 4.4 3.4
Altzomoni −3.4 4.0 0.49 4.5 2.4
Mauna-Loa 0.7 2.2 0.79 3.2 3.4
Maido 1.1 1.4 0.77 2.0 2.1
Wollongong 1.3 2.4 0.83 4.3 3.6
Wollongong Sea 4.2 2.6 0.76 4.0 3.6
Lauder −7.6 3.2 0.68 4.1 3.6
Lauder Sea −2.3 2.8 0.74 4.1 3.6

The biases and RMSDs are given in Table 4 and also displayed in a bar chart in
Figure 6. Except for Bremen and Altzomoni, the larger and most significant biases occur at
continental stations with SOFRID underestimating FTIR N2O MT VMRs by 5 ppbv (1.5%)
at Rikubetsu to 17 ppbv (5.5%) at Jungfraujoch. As the MT mixing ratios are independent
pieces of information with DFS close to one for both FTIR and SOFRID (Tables 2 and 3),
the differences of a priori should not be responsible for these significant biases. Indeed,
the SOFRID tropospheric a priori mixing ratios (Section 2.2) are larger than the FTIR ones at
all stations except Wollongong (Section 3). The difference is ∼5 ppbv at 550 hPa. In case the
retrievals were dependent on the a priori, these differences should lead to an overestimation
of N2O from SOFRID relative to FTIR instead of the observed underestimation.

At Izana the bias is low (−4 ppbv or 1.3%) but significant. At the 3 other oceanic
stations, the positive biases are lower than 1.3 ppbv (0.4%) and not significant.

If we only consider sea pixels at Lauder the bias decreases to −2.3 ppbv and becomes
unsignificant and the correlation coefficient increases to 0.74. At Wollongong the agreement
slightly worsens when only sea pixels are selected (see Table 4). Nonetheless the correlation
coefficient remains high (0.76) and the bias low (4.2 ppbv or 1.3%). It has to be noted that
this bias is positive contrarily to most continental stations.

At continental stations with continuous measurements during 2008–2018, the RMSDs
range from 3.5 to 4.2 ppbv and the SOFRID and FTIR RMS from 3.3 to 5.2 ppbv (Table 4).
At oceanic stations (including Lauder and Wollongong with sea pixels only), the RMSDs
are lower (1.4–2.8 ppbv) than at continental stations. Nevertheless, the SOFRID and FTIR
RMS (3.2–4.5 ppbv) are comparable to the continental ones further highlighting the better
agreement between SOFRID and FTIR for sea pixels.
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Figure 6. Biases between SOFRID and FTIR monthly MT N2O VMRs at the 12 NDACC stations
averaged over the 2008–2018 period. The orange and lightblue bars represent the corresponding Root
Mean Squares of the Differences.

5.2.2. Long Term Variations

Figures 7 and 8 display the time series of SOFRID and FTIR N2O MT VMRs for the
six NH stations and for the six tropical and SH stations respectively. For 9 out of the
12 NDACC stations, we found NOAA/ESRL stations (Table 5) providing monthly averages
of N2O surface data within broad regions around the NDACC stations. For 8 of these
NDACC stations, the distance from the corresponding NOAA/ESRL station is smaller
than 600 km. Mahe Island is about 2000 km away from the Maido station but is still in the
Western Indian Ocean region. The monthly means of surface concentrations from in-situ
NOAA/ESRL measurements are used as references for tropospheric N2O trends for the
2008–2018 period. As N2O has an atmospheric lifetime larger than 100 years, the trends
are little variable geographically and the large distances between some NOAA/ESRL and
NDACC stations are not significant for trends comparisons.

Table 5. List of NOAA/ESRL stations with N2O measurements during the IASI period (2008–2018) near to NDACC stations.

NOAA/ESRL Station Latitude Longitude Elevation (m) NDACC Station

Pallas-Salmantunturi 67.97 24.11 565 Kiruna
Ochsenkopf 50.03 11.81 1022 Bremen
Hoenpeissenberg 47.80 11.02 936 Jungfraujoch and Zugspitze
Izana 28.31 −16.50 2373 Izana
Mauna-Loa 19.53 155.58 3397 Mauna-Loa
Mahe Island −4.68 55.53 2 Maido
Cape Grimm −40.68 144.69 94 Wollongong
Baring Head −41.41 174.87 85 Lauder

For the three types of data we have performed a linear regression to determine the
corresponding trends. For all the stations FTIR, SOFRID and NOAA/ESRL trends are
statistically significant with p values lower than 0.005. For IASI, we plotted the monthly
means based on data coincident to FTIR observations (blue lines and symbols) and the
monthly means based on all valid IASI pixels (green lines). It is noteworthy that when the
FTIR sampling is low, the SOFRID time series integrating all available retrievals appear
smoother than the time series based on the FTIR sampling. The SOFRID and FTIR MT
trends are also displayed as bar charts in Figure 9b and gathered in Table 6 together with
NOAA/ESRL surface trends . For the 8 stations with continuous observations between
2008 and 2018 (Table 1) the FTIR linear MT N2O trends are close to 1 (0.88–1.21) ppbv·yr−1

with an average value of 1.08 ± 0.10 ppbv·yr−1. For the same stations, the SOFRID
trends based on all data are varying between 0.84 and 1.11 ppbv·yr−1 with an average of
0.98 ± 0.10 ppbv·yr−1 . The SOFRID and FTIR trends are therefore in good agreement.
Considering coincident data only (lightblue bars in Figure 9b) the trends are slightly larger
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for SOFRID (1.05 ± 0.10 ppbv·yr−1) and in better agreement with the FTIR trends with a
mean difference of −0.02 ± 0.14 ppbv·yr−1. The NOAA/ESRL trends are little variable
geographically ranging between 0.92 and 0.96 ppbv·yr−1 at most stations. A slightly
lower value (0.90 ppbv·yr−1) is found at Baring-Head. The SOFRID MT trends are in
very good agreement with the trends determined from in-situ NOAA/ESRL data with a
mean difference of −0.04 ± 0.10 ppbv·yr−1. FTIR MT trends are slightly larger than the
NOAA/ESRL surface ones with a mean difference of −0.11 ± 0.10 ppbv·yr−1.

Table 6. Mid-Tropospheric N2O trends for SOFRID, FTIR and NOAA/ESRL data (ppbv/year). The average trend for the
8 stations with continuous 2008–2018 FTIR observations (Table 1) is given in boldface in the last line.

Station SOFRID All Data SOFRID Coincident Data FTIR NOAA/ESRL

Kiruna 0.84 ± 0.08 0.99 ± 0.12 0.88 ± 0.06 0.94 ± 0.01
Bremen 1.01 ± 0.06 1.03 ± 0.12 1.03 ± 0.14 0.92 ± 0.01
Zugspitze 0.86 ± 0.09 0.92 ± 0.12 1.16 ± 0.04 0.97 ± 0.01
Jungfraujoch 0.89 ± 0.07 0.92 ± 0.11 1.07 ± 0.06 0.97 ± 0.01
Toronto 0.99 ± 0.07 1.08 ± 0.09 1.21 ± 0.12
Rikubetsu 0.87 ± 0.07 0.77 ± 0.12 1.11 ± 0.12
Izana 1.06 ± 0.06 1.11 ± 0.08 1.00 ± 0.03 0.96 ± 0.01
Altzomoni 1.13 ± 0.10 1.00 ± 0.29 1.04 ± 0.11
Mauna-Loa 1.04 ± 0.03 1.09 ± 0.05 1.06 ± 0.07 0.94 ± 0.01
Maido 1.04 ± 0.03 0.95 ± 0.09 1.14 ± 0.06 0.95 ± 0.01
Wollongong 1.11 ± 0.05 1.22 ± 0.06 1.10 ± 0.03 0.96 ± 0.01
Lauder 1.04 ± 0.06 1.11 ± 0.08 1.14 ± 0.04 0.90 ± 0.01
Average 0.99 ± 0.10 1.01 ± 0.12 1.09 ± 0.11 0.95 ± 0.02

0.98 ± 0.10 1.05 ± 0.10 1.08 ± 0.10

In the UT and LT (Figure 9a,c), the FTIR trends remain close to 1 ppbv·yr−1 and to
the NOAA/ESRL surface trends. The SOFRID trends are much lower than in the MT with
values between 0.3 and 0.7 in the LT and 0.3 and 0.5 in the UT. Xiong et al. [43] found a
decrease of the N2O trends from 0.86 ppbv·yr−1 at 300 hPa to 0.76 ppbv·yr−1 at 500 hPa
and 0.5 ppbv·yr−1 at 700 hPa based on AIRS retrievals. SOFRID is therefore more sensitive
to the trends in the MT than AIRS which highest sensitivity is in the UT. Both retrievals
show a diminished sensitivity to trends in the LT.
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Figure 7. Time series of SOFRID (blue lines for data coincident with NDACC-FTIR data and green lines for all data) and
NDACC-FTIR (black lines and squares) N2O MT VMR at 6 NDACC stations in the Northern Hemisphere (Kiruna, Bremen,
Zugspitze, Jungfraujoch, Toronto, Rikubetsu). The NOAA-ESRL surface data from regional stations are also displayed.
The solid lines represent the monthly means and the dashed lines the fit of a linear trend.
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Figure 8. Same as Figure 7 at 6 NDACC stations for tropical and SH latitudes (Izana, Altzomoni, Mauna Loa, Maido,
Wollongong, Lauder).
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Figure 9. Decadal trends from SOFRID and FTIR monthly N2O VMRs in the (a) LT (b) MT and (c) UT for the 12 NDACC
stations (Table 1). The stations are identified by the three first letters of their names on the x-axis. Trends from surface
measurements at coincident NOAA-ESRL stations (Table 5) are also displayed for comparisons.
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5.2.3. Seasonal Cycles

The previous section has highlighted the ability of SOFRID N2O retrievals to correctly
represent its MT trends at 12 NDACC stations. Here we examine their ability to capture the
seasonal cycles of N2O in the UT, MT and LT as observed by FTIR. To compute the seasonal
cycles, we have first removed the linear trends from the time series of Figure 9 to obtain
detrended time series. For each month we have computed the 11 years average from the
detrended time series for FTIR and SOFRID. They are displayed with the corresponding
inter-annual variabilities in Figure 10 for NH and Figure 11 for tropical and SH stations.

At NH stations (Figure 10), the MT N2O seasonal cycle from both FTIR and SOFRID is
roughly characterized by a summer minimum and a winter maximum. The cycle is the
clearest at Zugspitze, Jungfraujoch and Toronto. At these three stations the N2O seasonal
cycles are in very good agreement for both observing systems (R > 0.80). FTIR data at the
Bremen station are lacking for winter months and the comparison of the seasonal cycle is
therefore incomplete. The SOFRID MT seasonal cycles in the NH are in good agreement
with the seasonal cycles from IASI-MUSICA at 4.2 km documented by Garcia et al. [20] at
Karlsruhe and Kiruna. Nevertheless, in Garcia et al. [20] the FTIR cycles are characterized
by summer-fall maxima and are therefore poorly correlated to the IASI-MUSICA ones. No
explanation has been found for the opposition in phase between the FTIR MT seasonal
cycles for NH stations reported here and the 4.2 km cycles at Karlsruhe and Kiruna from
Garcia et al. [20]. At Rikubetsu, the yearly maximum is shifted to October-November for
both SOFRID and FTIR data. For the 6 NH stations the amplitude of the MT cycles (4 to
8 ppbv) are in very good agreement for both observing systems.

In the LT, the cycles are very similar to the MT cycles with summer minima and
winter maxima. The correlation coefficients (0.38–0.96) are comparable to those in the MT.
The amplitude of the cycles is generally larger for SOFRID (4 to 9 ppbv) than for FTIR (2 to
6 ppbv).

The NH UT seasonal cycles are characterized by a July-August and August-October
maxima for SOFRID and FTIR respectively. This relative coincidence lead to a correct
agreement with correlation coefficients from 0.37 to 0.67 between both datasets. The sum-
mer shift of the N2O maxima is caused by the position of the tropopause. In summer the
tropopause is high and the retrieved UT columns are less impacted by stratospheric N2O
poor air masses than in winter. The amplitude of the FTIR cycles is 2 to 4 times (12 to
16 ppbv) larger than the SOFRID cycles (4 to 8 ppbv) highlighting the higher sensitivity
of FTIR data in the UT. In Garcia et al. [20] both IASI-MUSICA and FTIR UT cycles are
displaying a clear August UT maximum with similar amplitudes at Karlsruhe and Kiruna
highlighting a higher UT sensitivity for MUSICA than for SOFRID.

At tropical stations, the MT FTIR seasonal cycles (Figure 11b,e,h,k) are much weaker
than at NH stations. At Izana, it is possible to distinguish a weak seasonal cycle from FTIR
data (2 ppbv amplitude) with a August–September minimum and a November–February
maximum. The SOFRID cycle is stronger (6 ppbv amplitude) and its minimum is shifted
towards summer (June-August). Garcia et al. [20] found very similar results comparing
FTIR and IASI-MUSICA N2O retrievals at 4.2 km at Izana. Their IASI-MUSICA retrievals
display a large (∼6 ppbv amplitude) seasonal cycle with a summer minimum while the
FTIR seasonal cycle is much weaker. At Altzomoni, the seasonal FTIR cycle is much weaker
than the SOFRID cycle and both are consistently phased with a summer maximum. At the
Mauna-Loa and Maido oceanic stations, the FTIR and SOFRID seasonal variations are not
larger than the inter-annual variabilities and no clear seasonal cycles can be determined.
Finally, at the two SH mid-latitude stations (Figure 11n,q), FTIR data show weak seasonal
cycles with spring (Wollongong) and summer (Lauder) minima while SOFRID data display
larger seasonal cycles with a spring-summer maximum resulting in negative R values.
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Figure 10. Seasonal cycles obtained from detrended FTIR (red) and SOFRID (blue) data at the 6 NH stations. The colored
area represent the inter-annual variabilities for FTIR (light red) and SOFRID (light blue). There are no data for Jungfraujoch
in the LT (missing panel l) because of the high altitude of the station.
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Figure 11. Same as Figure 10 at the 6 tropical and SH stations. There are no data for Altzomoni in the LT (missing panel f)
because of the high altitude of the station.
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At tropical stations the LT cycles (Figure 11c,i,l) and the agreements between FTIR and
SOFRID are similar to the MT. At Izana, the agreement is improved with a higher correla-
tion coefficient (0.85) and similar cycles amplitudes. At SH mid-latitudes (Figure 11o,r) the
SOFRID cycles are almost identicals to those in the MT. But while at Wollongong the
FTIR cycle remains the same as in the MT with a weak fall minimum, the Lauder cycle is
reversed displaying a clear fall-winter maximum similarly to NH mid-latitudes. Therefore,
the correlation coefficient remains negative at Wollongong and turns highly positive (0.79)
at Lauder.

In the UT, the SOFRID and FTIR cycles (Figure 11 left panels) are not strongly significant
relative to the corresponding interannual variabilities. Nonetheless, except at Altzomoni and
Mauna-Loa the SOFRID and FTIR cycles are in phase with each other (0.39 < R < 0.73). It is
noteworthy that for both FTIR and SOFRID, at Izana the UT cycle (Figure 11a) is opposite
to the MT and LT cycles in agreement with Garcia et al. [20]. The Lauder FTIR UT cycle
(Figure 11p) is particularly clear and comparable to the one of the NH mid-latitude stations
(e.g., Zugspitze, Jungfraujoch and Rikubetsu) with a summer-fall maximum and a winter-
spring minimum. The SOFRID cycle, very weak at Lauder (Figure 11p) is more visible and in
better agreement with the FTIR one at Wollongong (Figure 11m).

6. Global Distributions

The validation results have highlighted a better SOFRID versus FTIR agreement for
Sea pixels (Section 5.2.1). In particular Sea retrievals are characterized by lower biases
than Land pixels (Table 4). We therefore display global MT N2O distributions over Sea for
January, April, July and October 2014 in Figure 12. The black lines represent the 700 hPa
Geopotential Heights (GH). The monthly FTIR N2O VMRs are displayed as filled circles at
the locations of the NDACC stations.

The SOFRID N2O distributions display a sharp drop of ∼5 ppbv between the tropics
and mid-latitudes. The dynamical barrier between tropical and mid-latitudes air masses is
represented by the tightening of the 700 hPa GH isolines at sub-tropical latitudes (around
40 S and 40 N). Such a drop is probably related to the enhanced tropical emissions reported
by [36]. Over the north-eastern Pacific and north Atlantic in January the enhanced N2O
VMRs are clearly following the northwards ondulation of the GH isolines. In the SH
subtropics, the GH isolines and the N2O gradients are also tightly related but are displaying
lower seasonal and longitudinal variations than in the NH.

Such a latitudinal gradient is not clear from the FTIR data with similar or even slightly
larger VMRs at NH stations than at tropical ones. The latitudinal variations appear therefore
larger for SOFRID than for FTIR. From Figure 12 we can estimate a 5–8 ppbv difference
between SOFRID Sea MT retrievals and FTIR ones at NH European stations. Figure 12 also
display the lower biases for the Japanese Rikubetsu station as already evidenced (Table 4
and Figure 6). From comparisons at Lauder and Wollongong we estimated a 3–5 ppbv
Land Sea difference for SOFRID retrievals that partly explained the SOFRID versus FTIR
discrepancy at these stations (see Section 5.2.1 and Table 4). Both these differences add up
to 8–13 ppbv. These figures are consistent with the the 9–17 ppbv FTIR versus SOFRID
biases at NH stations with the highest sampling (Table 4 and Figure 6).

At Izana, the negative biases in April and July result from the larger seasonal vari-
ations (summer minima) detected by SOFRID relative to FTIR discussed in Section 5.2.3
(Figure 11b). It is clear from Figure 12 that Wollongong is characterized by positive bi-
ases for SOFRID Sea pixels as already highlighted in Section 5.2.3 (see Table 4) and by
anticorrelated seasonal variations from FTIR and SOFRID retrievals (Figure 11o).
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Figure 12. Global distributions of nighttime SOFRID MT N2O over Sea for (a) January, (b) April, (c) July and (d) October
2014. The black lines represent the 700 hPa geopotential heights between 2920 m and 3260 m every 40 m. Filled circles at the
locations of the 12 NDACC stations correspond to the monthly mean FTIR MT N2O VMRs.

Within the tropical band the SOFRID N2O VMRs are higher by up to 4 ppbv within
the subtropical anticyclones highlighted by high GH. This is most visible over the South
Eastern Pacific in January and April, the Northern Atlantic in January and July and the
South Western Indian Ocean in April and July. We have no clear explanations for these
features but they could be related to the trapping of enriched N2O air masses in the closed
anticyclonic circulations.
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7. Conclusions

This paper documents N2O profiles retrieved from nighttime Metop-A/IASI data
with the SOFRID and their validation with FTIR data from the NDACC. SOFRID-N2O
profiles retrieved from the 2160–2218 cm−1 spectral window theoretically contain three
independent pieces of information that roughly correspond to the lower (Surface-700 hPa),
middle (700–350 hPa) and upper (350–110 hPa) troposphere. Errors in these layers are in
the range 2.5–5 ppbv.

General statistics from comparisons with FTIR data indicate that SOFRID retrievals
provide the highest information content in the MT. In this layer, FTIR and SOFRID
variations have comparable amplitudes (3–5 ppbv) and are well correlated (0.49 < R < 0.83).
The agreement is better for tropical and SH stations (0.68 < R < 0.83) than for NH stations.

SOFRID retrievals display significant negative biases (−17 to −4 ppbv) at NH con-
tinental stations. At tropical and SH mid-latitude stations, the biases are lower (−7.6
to 1.3 ppbv) and mostly not significant. The better agreement found at tropical and SH
stations is due to their oceanic or coastal locations highlighting better SOFRID retrievals
for sea pixels.

At each station decadal N2O linear trends have been computed and the seasonal
variations have been extracted by substraction of the trends from the timeseries. SOFRID
MT retrievals provide consistent decadal trends over the 2008–2018 period with an average
of 0.99 ± 0.10 ppbv·yr−1 over the 12 NDACC stations. Considering only the 8 NDACC
stations with continuous observations over 2008–2018 and SOFRID data coincident with
FTIR ones, the average SOFRID MT trend is 1.05 ± 0.10 ppbv·yr−1 in very good agreement
with the corresponding FTIR average (1.08 ± 0.10 ppbv·yr−1). SOFRID-N2O trends are too
low in the LT and even lower in the UT highlighting lower sensititivities in these layers.

SOFRID-N2O MT seasonal variations are in relatively good agreement in terms of
correlation (0.38 < R < 0.84) and amplitude (4–8 ppbv) with the corresponding FTIR ones
at NH mid and high latitudes. These seasonal cycles display clear summer minima and
winter maxima. The correlation is the highest (R > 0.80) for the stations with the most
dense and complete timeseries (Jungfraujoch, Zugspitze and Toronto) highlighting the
high sensitivity of IASI in the MT. In the UT, the SOFRID seasonal cycle is opposite to the
MT one with summer maxima proving that independent information is provided in the
two layers. This UT cycle is related to the effect of the tropopause shifting from low to high
altitude from winter to summer. The FTIR UT cycle is similar but with a larger amplitude
and a fall shift of the maxima resulting in a lesser agreement with SOFRID than in the MT.

The MT seasonal variability of N2O is weaker in the tropics but the SOFRID and FTIR
data remain correlated (0.16 < R < 0.65). At SH mid-latitudes the SOFRID seasonal cycle is
similar to the NH one with summer maxima. The corresponding FTIR cycles are weaker
(less than 2 ppbv) and anticorrelated with SOFRID. It is noteworthy that the LT SOFRID
seasonal cycle, similar to the MT one, is higly correlated (R = 0.79) with the corresponding
FTIR one at the Lauder station. The global distributions of MT SOFRID-N2O display
enhanced mixing ratios in the tropical and sub-tropical band (40 N–40 S) with the highest
VMRs within the subtropical highs. The SOFRID MT 6–8 ppbv latitudinal gradient between
the tropics and the mid-latitudes is not detected by the sparse FTIR data. The addition of
this gradient with an estimation of the Land-Sea differences roughly comes up to the large
biases between SOFRID and FTIR at NH stations.

Our future activity will focus on investigating the reason for the Land versus Sea and
night versus day SOFRID differences to improve the Land and day retrievals. In both
cases, a possible candidate for these dicrepancies is surface emissivity. We will therefore
implement the latest version of RTTOV in SOFRID to allow the retrieval of land emissivity
simultaneously with trace gases profiles and surface temperature.
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