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Methodological aspects

Theory

A spectral measurement y can be represented by the forward model F plus the total measurement error

y = F(x,u) + εrnd + εsys (1)

where x is in our case the NH3 column amount and u is the best estimate of other parameters (instrumental,
atmospheric and of the surface), εrnd is the random measurement error (determined by the instrumental noise)
and εsys is the systematic measurement error on u (Rodgers, 2000; Walker et al., 2011).

If we consider the forward model being nearly linear around the climatological atmospheric condition, this
can be approximated as:

y − F(x0,u) = K(x− x0) + εrnd + εsys (2)

where the linearisation point is taken to be x0 = xc0, a climatological column amount of NH3 and the jacobian
K is defined as ∂F(x0,u)

∂x .
If the error terms were equal to zero, x could be directly calculated using equation (2). However, when it is

not the case and following Rodgers (2000), the optimal unconstrained least-squares estimate can be calculated
as:

x̂ = (KTStot
ε

−1
K)

−1
KTStot

ε
−1

(y − F(x0,u)) (3)

where the background column is considered negligible and Stot
ε is the covariance of the total error (εrnd + εsys).

In a standard retrieval, the varying parameters (e.g., interfering species, atmospheric and surface tempera-
tures or cloudiness) in the spectral range considered need to be known or have to be simultaneously retrieved
to solve equation (3). This is usually done following iterative methods (e.g., Hurtmans et al. (2012)) which are
computationally expensive and often do not account for a maximal spectral range for the retrieval.

Walker et al. (2011) developed a methodology to perform an optimally weighted one-step retrieval of a target
species. Its strength is to allow considering a large spectral range without having to retrieve other important
parameters (expressed as u in equation (1,2,3)) affecting it. The method is well suited to fully exploit the char-
acteristics of high resolution sounders such as IASI (Clarisse et al., 2013, 2014; Van Damme et al., 2014a). Its
essence is to consider the unknown parameters as noise as well as a constant jacobian K.

This approach can be summarized following equation (3) as

x̂ = (KTS−1K)
−1

KTS−1(y − y) (4)

with y the observed spectrum, ȳ a background spectrum and K a constant jacobian. The parameters other than
x are considered as permanent unknowns to be incorporated in a generalized noise covariance matrix S. In the
linear case, such a solution is equivalent to the one obtained by simultaneously retrieving all interfering unknowns
S (Rodgers, 2000; Clarisse et al., 2014).

Implementation

We have followed the ensemble approach described in Walker et al. (2011) which consists of estimating the gen-
eralized noise covariance matrix, hereafter Sobs

y , by considering an appropriate ensemble of N measured spectra
carefully selected as spectra without NH3 (details are provided in Section 2.3.2.1 of Chapter 2).

Stot
ε ≈

1

1−N

N∑
j=1

(yj − ȳ)(yj − ȳ)T = Sobs
y (5)
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where the background spectrum ȳ is defined as:

ȳ =
1

N

N∑
j=1

yj . (6)

Following equation (4) and if we consider the measurement contribution function

G = (KTSobs
y

−1
K)

−1
KTSobs

y

−1
(7)

the dimensionless Hyperspectral Range Index (HRI) can be calculated as:

HRI = G(y − y) (8)

Figure 1 presents a transmittance of NH3 in its ν2 vibrational band (top panel), the measurement contribution
function G (middle panel) and the mean spectrum ȳ (bottom panel) used in this work.

Nevertheless, as the dimensionless HRI for each IASI spectra is calculated at fixed atmospheric conditions, it
needs to be converted into true NH3 total column (molec/cm2) taking into account the true state of the atmosphere.
The critical parameter driving the sensitivity of infrared measurements in the boundary layer has been identified as
the thermal contrast (Deeter et al., 2007; Clarisse et al., 2010; Bauduin et al., 2014) and was therefore considered
as the third dimension of the LUTs, in addition to the NH3 amount and the HRI. To do so, forward simulations
of spectra have been performed at various atmospheric conditions and for different NH3 abundances (see Section
2.3.2.2 of Chapter 2 for details).

As the IASI measurements do not provide information on the vertical distribution of NH3, the ones considered
in the simulations were based on model results. One source profile was considered for IASI observations over
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Figure 1: Transmittance of NH3 in the ν2 vibrational band (top panel), measurement contribution function G
(middle panel, W−1 m2 m−1 Sr) and mean spectrum ȳ (bottom panel, W m−2 m Sr−1).
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land and one transported profile for the ones over sea (see Figure 2.3, Chapter 2) to provide global bi-daily NH3

observations.
To investigate the impact of alternative vertical distributions, we have performed additional forward simula-

tions with various theoretical vertical profiles of NH3. These have been done at a fixed thermal contrast of 14.3 K
(296 K at the surface and 281.7 K at 1.5 km). The shapes considered for the vertical profiles are illustrated in
volume mixing ratios (VMR) at the bottom of Figure 2. The forward columns have been set at a fixed amount of
NH3 to be comparable. From the simulated spectra, the dimensionless spectral index (HRI) has been calculated
and subsequently converted into NH3 columns using the LUT calculated with the reference land profile (case
6). The results are presented as percentage of the NH3 column retrieved with the land profile considered for the
forward simulations used to build the LUT (hence a value of 100 % for case 6). This study shows the limitations
of the use of a fixed profile shape for retrieval over land but also points to a realistic upper bound calculated as a
factor 2 for the error introduced by considering the fixed land/sea profiles shape (see Section 2.3.2.2, Chapter 2).

Figure 2: Top: ratio (expressed in %) between total columns retrieved from simulated spectra based on various
vertical profiles and the total column obtained with the reference land profile. Bottom: profile shapes considered
in volume mixing ratios (VMR). Cases 1 to 5 correspond to well-mixed distribution up to a maximum altitude of
100 m, 500 m, 1 km, 2 km and 3 km and with absence NH3 above these limits; case 6 is the reference land profile
used for the LUT over land (see Figures 2.3 and 2.4, Chapter 2) and all results presented in this thesis; cases 7 to
9 correspond to well-mixed distribution up to 500 m, 1 km and 2 km and with the case 6 distribution above these
limits.
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Table 1: Statistical analysis of the NEU data set and monthly IASI satellite surface concentrations comparison for
each stations during 2008, 2009 and 2010. Each site is characterized by its site code and name, coordinates, its
Pearson’s correlation coefficient (r) and the associated p value as well as its number of points (n). Only monthly
values with a relative IASI retrieval errors below 100 % have been taken into account.

Site code Site name lat (◦N) lon (◦E) r p-value n
IT-Amp Amplero 41.90 13.61 -0.26 0.50 9

UK-Amo Auchencorth Moss 55.79 -3.24 0.08 0.67 33
FR-Bil Bilos 44.52 -0.90 0.05 0.86 14
BE-Bra Brasschaat 51.31 4.52 0.56 0.00 27
HU-Bug Bugac 46.69 19.60 -0.12 0.51 34
NL-Ca1 Cabauw 51.97 4.93 0.40 0.02 35
IE-Ca2 Carlow 52.85 -6.90 0.02 0.92 31
IT-Col Collelongo 41.85 13.59 -0.09 0.61 34
IE-Dri Dripsey 51.99 -8.75 0.31 0.14 24

UK-ESa East Saltoun 55.90 -2.84 -0.01 0.97 9
ES-ES1 El Saler 39.35 -0.32 -0.19 0.30 33
PT-Esp Espirra 38.64 -8.60 0.31 0.07 34
FR-Fon Fontainbleau 48.48 2.78 0.17 0.35 31
FR-Fou Fougères 48.38 -1.18 0.58 0.00 24
RU-Fyo Fyodorovskoye 56.46 32.92 0.81 0.00 27
DE-Geb Gebesee 51.10 10.91 0.47 0.01 27
UK-Gri Griffin 56.62 -3.80 -0.48 0.41 5
FR-Gri Grignon 48.84 1.95 0.08 0.67 32
DE-Gri Grillenburg 50.95 13.51 0.39 0.04 29
DE-Hai Hainich 51.08 10.45 -0.03 0.89 28
FR-Hes Hesse 48.67 7.07 0.12 0.55 28
DE-Hoe Höglwald 48.30 11.10 -0.02 0.90 30
NL-Hor Horstermeer 52.03 5.07 0.21 0.24 33
FI-Hyy Hyytiälä 61.85 24.30 -0.44 0.05 21
DE-Kli Klingenberg 50.89 13.52 -0.14 0.47 29
CH-Lae Laegern 47.48 8.37 -0.04 0.81 31
FR-Lq2 Laqueuille 45.64 2.74 0.19 0.33 30
ES-LMa Las Majadas 39.94 -5.77 0.22 0.21 34
FR-LBr Le Bray 44.72 -0.77 0.50 0.14 10
FI-Lom Lompolojänkkä 68.21 24.35 -0.43 0.10 16
BE-Lon Lonzee 50.55 4.74 0.21 0.32 25
NL-Loo Loobos 52.17 5.74 0.33 0.08 29
DE-Meh Mehrstedt 51.28 10.66 0.26 0.20 25
PT-Mi1 Mitra II (Evora) 38.54 -8.00 -0.11 0.58 29
IT-MBo Monte Boone 46.03 11.08 0.71 0.00 36
SE-Nor Norua 60.08 17.47 -0.19 0.37 25
CH-Oe1 Oensingen 47.29 7.73 0.03 0.89 30
UA-Pet Petrodolinskoye 46.50 30.30 0.35 0.05 30
PL-wet Polwet 52.76 16.31 -0.21 0.28 28
FR-Pue Puechabon 43.74 3.60 0.09 0.63 35
IT-Ren Renon 46.59 11.43 -0.05 0.79 33

DK-Lva Rimi 55.70 12.12 0.54 0.11 10
DK-Ris Risbyholm 55.53 12.10 0.54 0.27 6
IT-Ro2 Roccarespampani 42.39 11.92 0.06 0.72 33
IT-SRo San Rossore 43.73 10.28 0.03 0.85 32
SE-Sk2 Skyttorp 60.13 17.84 -0.40 0.25 10
FI-Sod Sodankylä 67.36 26.64 -0.41 0.07 20
DK-Sor Soroe 55.49 11.65 -0.05 0.82 24
NL-Spe Speulderbos 52.25 5.69 0.10 0.57 33
DE-Tha Tharat 50.96 13.57 0.44 0.02 30
ES-VDA Vall d’Alinyà 42.15 1.45 0.58 0.00 35
BE-Vie Vielsalm 50.31 6.00 0.11 0.65 21
DE-Wet Wetzstein 50.45 11.46 0.47 0.01 28
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Table 2: Same as Table 1 for the NNDMN data set and monthly IASI satellite surface concentrations comparison
for each stations during 2009, 2010, 2011, 2012 and 2013.

Site lon (◦E) lat (◦N) r p-value n
CAU (China Agricultural University) 116.28 40.02 0.51 0.00 45

BNU (Beijing Normal University) 116.37 39.96 0.64 0.17 6
DBW (Dongbeiwang) 116.28 40.05 / / 0

SZ (Shangzhuang) 116.18 40.14 0.72 0.00 45
BD (Baoding) 115.48 38.85 0.27 0.39 12
QZ (Quzhou) 115.02 36.87 0.32 0.03 44
YQ (Yangqu) 112.67 38.06 0.39 0.01 45

LSD (Lingshandao) 120.17 35.78 0.55 0.00 32
CD (Changdao) 120.74 37.91 0.58 0.00 37
YC (Yucheng) 116.63 36.92 0.42 0.12 15
ZMD (ZMD) 114.02 33.01 -0.16 0.30 45

ZZ (Zhengzhou) 113.63 34.75 0.38 0.01 43
DL (Dalian) 121.61 38.91 0.43 0.01 40

GZL (Gongzhuling) 124.82 43.50 0.52 0.00 38
LS (Lishu) 124.34 43.31 0.34 0.03 40

WY (Wuyin) 129.25 48.11 0.24 0.54 9
GH (Genhe) 121.52 50.78 -0.36 0.34 9

TFS (Tufeisuo) 87.28 43.56 0.23 0.50 11
SDS (Shengdisuo) 87.34 43.51 0.21 0.53 11

DL (Duolun) 116.49 42.20 0.52 0.29 6
BYBLK (Bayinbuluke) 84.15 43.03 0.59 0.03 14

WW (Wuwei) 102.61 37.96 -0.19 0.25 39
YL (Yangling) 108.08 34.27 0.02 0.89 45
FH (Fenghua) 121.53 29.61 0.30 0.06 38
FZ (Fuzhou) 119.57 26.06 0.02 0.92 38
WX (Wuxue) 115.94 30.07 0.47 0.01 28
BY (Baiyun) 113.27 23.16 -0.23 0.16 41

ZZ (Zhanjiang) 110.33 21.26 0.05 0.74 39
TJ (Taojiang) 112.16 28.52 0.35 0.05 33
FY (Feiyue) 113.20 28.33 0.16 0.36 35

HN (Huinong) 113.24 28.31 0.34 0.05 35
XS (Xishan) 113.18 28.36 0.47 0.00 36
NJ (Nanjing) 118.50 31.52 0.35 0.16 18

FY (Fengyang) 117.53 32.87 0.64 0.03 11
WJ (Wenjiang) 103.86 30.68 0.02 0.92 38
ZY (Ziyang) 104.63 30.13 0.58 0.00 38
YT (Yanting) 105.46 31.27 0.70 0.00 29
JJ (Jiangjin) 106.26 29.29 0.14 0.67 12

YNAU (Yunnannongda) 102.75 25.13 0.42 0.17 12
DC (Dianchi) 102.64 25.00 0.64 0.03 12

KY (Kunyang) 102.73 25.04 0.39 0.21 12
LZ (Linzhi) 94.36 29.65 -0.75 0.00 12
XN (Xining) 101.79 36.62 1.00 1.00 1
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Table 3: Same as Table 1 for the IDAF data set and monthly IASI satellite surface concentrations comparison for
each stations during 2008, 2009, 2010 and 2011.

Site lat (◦N) lon (◦E) r p-value n
Banizoumbou 13.52 2.63 -0.01 0.95 47
Katibougou 12.93 -7.53 0.01 0.95 47

Agoufou 15.33 -1.48 0.06 0.73 35
Lamto 6.22 -5.03 0.39 0.01 40

Djougou 9.65 1.73 -0.04 0.81 42
Zotélé 3.25 11.88 0.22 0.18 36

Bomassa 2.20 16.33 -0.36 0.03 38
Amersfoort -27.07 29.87 0.04 0.84 34

Louis Trischardt -22.99 30.02 -0.15 0.43 31
Cape point -34.35 18.48 0.05 0.84 17
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Figure 3: Yearly average distributions (molec/cm2) for 2008, 2009, 2010 (left column) and 2011, 2012, 2013
(right column) combining morning and evening IASI measurements in 0.25◦ x 0.5◦ cells. Mean column values
associated with a mean relative error above 100% have been excluded. The associated weighted error (%, not
filtered) distribution are shown as inset for each year.
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