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Abstract

We developed a Self-Adapting Constraint Retrieval Scheme (SACRS) to retrieve
ozone profiles from nadir infrared satellite measurements. In this algorithm, the
constraint is variable in altitude and adapted automatically for each individual
measurement. The algorithm is tested on synthetic observations representing
the future TASI-NG satellite observations and considering either ozonesonde
measurements or chemistry-transport model ozone simulations to represent the
true ozone (pseudo-reality). The ozone retrievals are evaluated mainly for the
troposphere with a specific focus on the lower troposphere between the surface
and 6 km. Compared to a previous algorithm based on a fixed constraint re-
trieval scheme (FCRS), the biases, correlation and error estimates are improved
with the SACRS. The bias is reduced by 40% and the correlation coefficient
increases from 0.72 to 0.80. The SACRS algorithm also leads to an enhanced
sensitivity in the lower troposphere with degrees of freedom for signal up to 0.83,
increased by 11% compared to the FCRS. The SACRS performs especially well

where current algorithms usually fail, namely for polar and tropical air masses.
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The bias is reduced from 8.6% to 0.5% in the troposphere (surface-9 km) when
considering polar cases and from 24.4% to 10.1% in the upper troposphere lower
tropospheric column (12-18 km) in the tropics.

Keywords: Atmospheric composition, Air pollution monitoring, Ozone,

Passive remote sensing, Inverse problems.

1. Introduction

Tropospheric ozone is a key species for tropospheric chemistry, air quality
and radiative balance. Its monitoring is essential to better understand sources,
transport, chemical transformation and sinks of atmospheric pollutants. Accu-
rate data are required to characterize the evolution of atmospheric composition.
Space-borne observations are very promising for these concerns. Several stud-
ies using the last generation satellite instruments, in particular those operating
in the thermal infrared, like the Infrared Atmospheric Sounding Interferome-
ter (IASI) [1], have shown capabilities to detect and monitor pollution events
[2, 3, 4] and to identify the influence of the meteorology, horizontal transport
and exchange with the stratosphere on tropospheric ozone variability and trends
[4,5,6,7,8,9]. Even so, lower tropospheric ozone retrievals from nadir sounders
remain challenging due to the lack of sensitivity of the measurements to the com-
position of near-surface layers. Even if improvements have been made especially
combining the information provided by multiple spectral regions and instru-
ments, as done by synergism of infrared and ultraviolet observations [10, 11],
it is still important to explore possibilities to improve the adaptability of the
retrieval algorithms and their capability to exploit the information provided by
any kind of satellite measurements. The ozone retrieval from nadir satellite
observations, in fact, is an ill-conditioned problem which requires regularization
using constraints and a priori information [12]. Up to now, most of the retrieval
algorithms rely on a fixed constraint and a single a priori profile. The most
widely used method is the optimal estimation approach [13, 14] based on a pri-

ori ozone climatological constraint. There are some other attempts to develop
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infrared nadir retrievals such as the physical retrieval methods [15, 16], where the
a priori covariance constraint has an additional regularization parameter: scalar
coefficient that may be adjusted to tune the trade off between data and a pri-
ori constraint. Another class of retrieval methods uses an analytical constraint
based on Tikhonov-Twomey type regularization ([17, 18, 19]) in place of the a
priori covariance [20, 2]. The regularization strength in these retrieval meth-
ods is adjusted by the minimisation scheme based on the Levenberg-Marquardt
method [21, 22]. A number of validation studies including some of these retrieval
schemes shows that all these approaches provide globally comparable, though
not identical, results in terms of the accuracy of the retrieval [23, 24]. In the fol-
lowing, one of these algorithms used by the authors in previous studies for TASI
retrievals [2] will be referred to as Fixed Constraint Retrieval Schemes (FCRS).
This approach, as well as the optimal estimation technique, works satisfacto-
rily for most retrieval scenes, but in some situations both methods may lead
to difficulties in reproducing the natural variability of ozone and in correctly
describing its vertical distribution. Independent validation studies of different
retrieval methods mention these difficulties for the TAST [24, 25] and the TES
[26, 27] ozone profile retrievals. Larger biases are found, e.g. in higher latitudes
that are usually attributed to the reduced sensitivity of the infrared measure-
ments in these regions due to unfavourable thermal conditions (low thermal
contrast and cold tropospheric temperatures). Larger biases are also showed in
the upper troposphere - lower stratosphere (UTLS), for some tropical scenes,
that may possibly be explained by the limited vertical resolution of the retrieval
in the infrared, spectroscopic uncertainties, or the use of inadequate a priori
information [24, 25]. These profiles retrieval difficulties are illustrated for the
case of TES instrument in figure 2 of [26] and figure 4 of [27], and for the TASI
instrument in figure 14 of [25] and figure 13 of [24]. Figure 10 of the present
study shows similar retrieval problems for the case of FCRS. One of the moti-
vations for the SACRS development was the necessity to tackle these retrieval
limitations. In the present study, we propose to go a step further by developing

a Self-Adapting Constraint Retrieval Scheme (SACRS) in which the constraint,
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dependent on altitude, is derived for each individual measurement while using
a large choice of multiple a priori profiles. The objective is to better exploit the
information provided by satellite measurements, adapting the retrieval to the
atmospheric scenario, and to finally derive more accurate ozone vertical profiles.

We evaluate the potential of this new approach for the future satellite instru-
ment TASI-NG (IASI Next Generation), which is expected to provide more spec-
tral information on the ozone vertical profile than TASI [31, 32]. This instrument
is expected to be launched in 2022 as part of the EPS-SG (EUMETSAT Polar
System-Second Generation) mission. Its spectral and radiometric performances
are twice better than those of the TAST instruments [31], with an apodized spec-
tral resolution of 0.25 cm~! and radiometric noise of 10 nW/(cm?srem™1) in
the 10 um ozone band. Studies using FCRS retrieval algorithms like those used
for TASI show that the improved instrumental performances of TASI-NG will
lead to an improved vertical resolution both over land and over sea [31, 32].
The SACRS algorithm has been tested on synthetic observations matching the
future IASI-NG satellite instrumental characteristics and compared to results
obtained with the FCRS algorithm previously developed for TASI [2] and ap-
plied to TASI-NG. For both retrieval schemes, as for the IASI retrievals, the
seven spectral windows have been used for O3 retrieval. In the case of these
spectral regions and IASI-NG spectral resolution, the measurement vector is
composed of 559 spectral radiances. Within this simulation exercise the sur-
face temperatures and the atmospheric temperature profiles are considered as
known. The developed multiple a priori and SACRS approach are described in
section 2. The pseudo-observation setup and the correlative database as well
as the simulation experiments are summarized in section 3. Section 4 discusses
the results of the simulation experiments performed from the model simulations

and the ozonesondes measurements. Conclusions are given in section 5.
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2. SACRS approach

The new SACRS approach is the combination of two previously developed
algorithms: a retrieval method of lower tropospheric ozone from the IASI nadir
sounder, originally implemented as a FCRS and used for different studies:
[2, 3, 4, 5, 6, 7], and the Iterative Variable Strength (IVS) technique [33, 34],
initially conceived as a self-adapting approach for the Michelson Interferometer
for Passive Atmospheric Sounding (MIPAS) limb sensor and now the operative
choice for the MIPAS retrievals made by the European Space Agency (ESA) [35].
The SACRS algorithm consists of two steps, both containing a self-adapting fea-
ture. The first step enhances the choice of a priori profiles made for the FCRS
algorithm, by modifying the fixed a priori error profiles in order to obtain a less
constrained retrieval. The retrieval is then carried out with this weak constraint,
in order to maximize the number of degrees of freedom of the solution. This
also decreases the bias introduced by the a priori. The result is an oscillating
profile with large error bars. In the second and final step, the IVS method adds
an a posteriori regularization with an altitude dependent strength determined
primarily by the measurement errors and the sensitivity of the actual measure-
ments to the retrieved profile. The result is a smooth profile with a reduced

bias with respect to the original FCRS method.

2.1. Enhanced choice of multiple a priori profiles

The choice of a priori profiles in the FCRS used in this study is based on
averaged ozone profiles derived from climatology for three geographical zones
(polar, midlatitudes and tropics) [2]. The terms ’polar’, 'midlatitudes’ and
‘tropics’ define here the type of the air masses according to the tropopause height
and not the geographical coordinates. For example, the polar-type air masses are
characterised by a low tropopause height (TPH) even when transported off the
polar region.The chosen discriminant parameter is TPH with polar conditions
defined as observed scenes with TPH lower than 10 km, midlatitudes conditions:
TPH between 10 km and 14 km, and tropical conditions: TPH greater than 14
km.
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This is a first approach for adapting the retrieval for the measuring condi-
tions which shows reliable validation results [24, 4]. However, some ozone profile
shapes, especially in the upper troposphere, remain penalized and lead to spu-
rious oscillations in the retrieved profiles, especially for tropical-like atmosphere
[24, 25]. As the vertical resolution (the altitude range of the independent pieces
of information) of nadir sounders like TAST or TASI-NG is limited (5-7 km), re-
trieving the strong vertical ozone variability in the upper troposphere — lower
stratosphere is challenging. Introducing reliable a priori information may help
to partly overcome the problem. As the first step of the SACRS approach, we
developed a new set of a priori ozone profiles. We moved from a set of three
a priori profiles to a set of eleven a priori profiles covering the TPH range be-
tween 7 km to 17 km. The new set of a priori profiles has been built using the
ozone soundings provided by the networks of sounding stations such as World
Ozone and Ultraviolet Radiation Data Centre (WOUDC), Southern Hemisphere
Additional Ozonesondes (SHADOZ) and Global Monitoring Division (GMD).
Over 10,000 ozone soundings measured between 2004 and 2007 were used to
calculate the average ozone profiles grouped on the basis of TPH. Fig. 1 shows
these ozone profiles and the three climatological a priori used for the FCRS.
The comparison of these two sets of a priori profiles and their influence on the
quality of the retrieval was made using both sets for the FCRS retrievals (see
section 4). The TPH-dependent a priori profiles are used as the first guess in

all simulated retrievals presented in this paper.

2.2. Retrieval bases and the FCRS

The details of the FCRS method used in this study in order to compare with
the new SACRS approach are described in [2]. For FCRS, the optimal solution

xr is defined as
_ -1 _
Xp = X}, + (KgSy 'Ky + R) [KgSy Yy = F(xz)) + R(xa — xk)} , (1)

where k is the iteration counter, y is the m—dimensional vector of the spectral

observations with radiometric noise covariance matrix Sy. The function F is the
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Figure 1: A priori ozone profiles as the function of TPH (left panel) used in SACRS, a priori

ozone profiles as the function of the climatological zone (right panel) used in [2] .

radiative transfer model, depending on the n—dimensional atmospheric state
vector x given in Volume Mixing Ratio (VMR), where (x); = x(z;) for a chosen
altitude grid z;. The matrix K is the Jacobian of F evaluated at iteration k.
In the FCRS approach R is a fixed altitude-dependent matrix constraining the
solution towards the a priori estimate x,, and defined to fulfil a chosen criterion.
Different methods to determine the criterion are described in [36]. The criterion
used for FCRS in this study is based on a compromise between the minimization
of the retrieved profile error and the maximization of the degrees of freedom
(DOF) of the solution in the lower troposphere. In addition to the strength and
shape of the constraint (diagonal elements of the R matrix) used to regularize
the values and the general shape of the retrieved profile, the first or the second
derivative operators (off-diagonal elements of the R matrix) are necessary to
establish the inter-layer correlations and thus to limit the oscillations of the
retrieved vertical profile [2].

The Averaging Kernel (AvK) of the FCRS solution is given by:
Ar = (KIS, 'Ky +R) ' (KIS, 'Ky) (2)

and the a posteriori covariance matrix of the parameters due to the mapping of
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the measurement noise into the solution is:

_ -1 — — -1
Srm = (KfS;'Kr +R)  (K{S;'Ky) (KiS;'Ky +R) . (3)
If S, is a covariance matrix representing the atmospheric variability of the profile

x, the covariance matrix of the smoothing error [12] of the solution is given by:

Srs = (I— Ap)S.(I— Ap)7T, (4)

where I is the identity matrix.

The covariance matrix of the total error for the FCRS solution is:
SF,tot = SF,m + SF,S~ (5)

2.8. SACRS

As mentioned above, in FCRS approaches, the strength and the off-diagonal
components of the regularization matrix R are similar for all the measurements.
This can lead to under- or over-constraining the solution, depending if the ther-
mal conditions of the measurement are favorable or not to the retrieval. As a
consequence, the retrieval may have difficulties to reproduce correctly the nat-
ural ozone variability. To overcome this problem and ensure an efficient use
of the satellite instrument capabilities, we propose the new SACRS approach
which is a two-step retrieval scheme.

The rationale behind the SACRS approach is to couple the FCRS regulariza-
tion with variable constraint and a priori, with the IVS a posteriori self-adapting
regularization method. The IVS is not meant to be used during the iterations
because the target function to minimize would be modified by the change of
the regularization matrix R. This would introduce instabilities in the retrieval
iterations, and slow down the convergence, as explained in [33]. Thus, the IVS
should be used as an a posteriori regularization. However, in order to make
the application of the IVS method possible and effective, we need a converg-
ing retrieval, with the weakest possible constraint R. This will minimize the

bias introduced by the smoothing, whilst the IVS will take care of dumping the



oscillations in the altitude regions where the sensitivity of the measurement is

weak.

2.3.1. Weak constraint solution
185 The definition of the weak constraint is based on the diagonal elements of
the R matrix developed for the TAST retrievals [2]. This diagonal is shifted,
scaled and/or stretched to build the diagonal of the weak constraint matrix R.
Let f(z) be a generic function of the altitude z to be scaled, shifted or
stretched.

190 The scaled function is written:
fscale(z) = af(z) (6)
with a the strength coefficient of the scaling.

The shifted function is written with its shift coefficient b
fonite(2) = f(z2 +D), z€[0,n—b]

b>0
fonite(2) = f(n), z €]n—b,n]
b<0 fshift(z) = f(Z + b) [_bv TL]
Jenite (2) = f(0), z € [0, 0]
105 The stretched function is written:

fstretch(z) = fp(z) (7)

where c is the stretching coefficient.
These resulting transformations are illustrated by the Fig. 2.

The function combining scaling, shifting and stretching is written:
f(2) = aféigi(2) (8)
Applying this function to the retrieval altitude grid z C [0, n], the constraint
200 vector f,, is obtained.

The weak constraint matrix is then:
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scale (a=10) —— —_— stretch (c=2) ——
scale (a=0.1) shift (b=+3) stretch (c=0.5)
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Figure 2: Scaling, shifting and stretching applied to the constraint function in order to find

the weak constraint adapted to a particular measurement.

fo(0) 0 0 0
R 0  fu(1) 0 0
0 0 0 ... fuln

The a, b, ¢ coefficients in Eq. 8, are allowed to vary within the predefined
ranges: a € [10’2, 105], b e [f 5,5}, c e [0.3,3]. The a, b, ¢ coefficients are
chosen to minimize the target function ¢:

1
p=c1* — +cox RMS + c3 *

Hmam 9
N.. JDOF, ¥ e )

205 where
— N, is the number of extremal (maximum or minimum) points of the
retrieved profile under 20 km. This parameter is chosen in order to control the
oscillation in the tropospheric/stratospheric part of the retrieved profile,
— RMS is the root mean square of the spectral fit . This parameter is used
20 to control the quality of the spectral fit,
— DOFg is the DOF between the surface and 6 km of altitude. This param-

eter allows maximizing the AvK values in the lower troposphere,

10
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— HE{* is the height of maximum of sensitivity to ozone between the surface
and 6 km. The value of H§"** is calculated as the altitude of the maximum of the
function obtained by the sum of the first 6 rows of the AvK matrix. This allows
to estimate to which altitudes the measured partial column is most sensitive [10].
The parameter is chosen to control the altitude range of the AvK sensitivity in
the lower troposphere.

The oscillating solution that is obtained at this stage is meant to have as
many DOFs as possible. By maximizing the number of oscillations N, and
keeping acceptable the RM S of the fit, we ensure that these multiple oscillations
are taking place around the real atmospheric profile. The limit of 6 km for the
DOFg and H*** is chosen taking into account the expected vertical resolution
of TASI-NG in the lower troposphere [32]. The 6 km limit is used to optimise the
retrieval of this lower tropospheric quantity. A more flexible definition of the
criterion ¢ is also feasible. A different definition of the targeted partial column
would imply different values for the coefficients used to compute ¢, however the
structure used for the ¢ function would not change.

The values of coefficients ¢; 2,3 4 are chosen so that the four terms of ¢ have
similar magnitudes. These coefficients do not change during the minimization
of the target function.

The weak regularization is obtained at the first iteration of the retrieval by
testing the combinations of a,b and c¢ in order to minimize . In order to avoid
calling numerous times the forward model, the choice of the parameters (a, b, ¢)
is done using a linear approximation for calculating the radiance spectrum. This
linear approximation of the spectrum is then used to calculate the spectral RMS
difference with respect to measurements (which then allows the choice of the
best parameters a,b,c). The linear approximation of the spectrum y'"¢ar is

calculated using a single call of the forward model as follows

ylinear = ya+ Ka( X(a,7 b, C) - Xa) (10)

where:

11
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— X, is the a priori state vector,

— ¥a is the spectrum calculated with the forward model (KOPRA) for the a
priori state vector x,,

— K, is the Jacobian matrix calculated for x,,

—x(a, b, ¢) is the state vector obtained from inverse calculation (KOPRAFIT)
using the R matrix which depends on the combination of the parameters (a, b, ¢).

The ozone profile is then retrieved using the chosen weak regularization

constraint. Subsequently the IVS approach is applied.

2.8.2. The IVS regularization technique

The IVS technique adapts the regularization strengths in the constraint ma-
trix so as to regularize as strongly as possible, provided some pre-defined condi-
tions are met by the regularized profile. The standard two conditions employed

by the IVS technique are

(i) At each altitude z; the difference between the regularized and the oscil-
lating profile should not exceed some fraction w,(z;) of the retrieval error
of the oscillating profile.

(ii) At each altitude z; the vertical resolution of the regularized profile should
not be degraded more than w,(z;) times the vertical resolution of the

unregularized profile.

We then start with a large regularization strength at all altitudes, and de-
crease it until conditions (i-ii) above are met, or the regularization strength is
lower than a prescribed bound.

The SACRS solution x, is defined as

~ —1
xy = xp+ (KIS, 'Ke+ R+L7AL) (11)

- [Kfs;l(y —F(xz)) + (R+ LTAL)(x, — x3)| ,

where A is a diagonal semi-definite positive matrix, and L is a matrix approxi-

mating some derivative of the vertical profile. We chose L to be the (n —1) xn

12



matrix approximating the first derivative, so that

@X‘(z’i+2i+l)/2. (12)

Hence we can interpret A as the sampling of a vertical profile A(z). Let 2z; =
(zi + 2zi+1)/2, then (A);; = Ny = A(2;). Following [34] we can connect xp and

XA as
xy = (KIS 'Ky + R+ LTAL)_l (KIS 'K+ R) xe + LTALx,| . (13)

oo Also, the AvKs and the a posteriori covariance matrix of the IVS solution are

connected to those of the FCRS solution by

A, = DAy, (14)
SAm = DSp D7, (15)
where
- -1 -
D - (K{S;lKk YR+ LTAL) (K{S;lKk n R) . (16)

The smoothing error of the SACRS solution is given by:
Sas = (I—Ap)S.(I-AN". (17)

The covariance matrix of the total error is:

SA,tOt = SA,m + SA,s- (18)
215 Finally, to calculate the vertical resolution of the x, solution we use
L 2= (An)i(zi-1 — 2) 19)
’ 2|Alii ’

see [34] for the motivations.

We start with a constant profile A(9)(2) = A\yax and iterate the calculation
of x5 with decreasing profiles AU+ (z) < AU)(2).

Given the thresholds w,(z) and w,(z) we check the following two sets of

200 conditions

13
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(i) 1(xa)i — (xp)i| < we(2:)v/(SF)iis

(11) V; S wr(Zi)AZi,

and collect the altitudes Q) = {z;,,..., 2 } where these conditions are not
met. In the MIPAS limb measurements [33, 34] the averaging kernels are mostly
diagonal. Hence, to obtain a variation of the regularized profile at a given
altitude it is sufficient to alter the regularization profile in a neighborhood of
that altitude. Due to the different observation geometry this is not the case of
the nadir measurements in which, for example, the most relevant information on
ozone originates from the free troposphere and the lower stratosphere. Therefore
we calculate the sensitivity coefficients s;; = 0(xa)i/ON;, i = 1,...,n, j =
1,...,n—1 in order to determine in which region the regularization profile has
to be decreased to obtain a localized effect on the regularized profile. Let [ such
that |s,;| = max;{|s;;|}. Then for each altitude z; € QU) we decrease A(2) in
a neighborhood of z;. At each step j the new regularization profile /\(j“)(z)
is the result of the combined application of the decreasing A(z) relative to the
altitudes in Q). For details on how the reduction is performed we refer to [34].

We then repeat the calculation of x5 and iterate the procedure until

(i) QW) is empty, or
(i1) A(z) < Amin, OF

(ili) a maximal number of iterations is reached.

Note that the calculation of the sensitivity coefficients s;; is equivalent to
performing n iterations of the IVS, so they are updated only every 10 cycles.
In the present implementation we use the following numerical values for the
parameters driving the IVS algorithm: w(z) = 1, w,(z) = 1.5, Apin = 1076,
Amax = 10, maximal number of iterations equal to 1000. With these settings
the typical running time of the IVS algorithm is a few seconds on an average
CPU.

A retrieval example for a synthetic observation is shown in Fig. 3. The
oscillating profile (red), the final SACRS solution (blue), and the FCRS solution

(green), are compared with the true ozone (orange) and the a-priori (grey)

14
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Figure 3: : The retrieval example with the corresponding AvK. The orange profile is the
model used for the measurement simulation (true ozone), the green is the FCRS solution, the
red profile is the oscillating solution found with the criterion of Eq. 9, the blue profile is the
final result after the IVS regularization. The bottom panel shows three groups of retrieval

AvK with the corresponding DOF's.

profiles without any smoothing by the AvK. In this case, the FCRS profile is
close to the a priori and underestimates the true profile in the lowest 3-4 km.
It overestimates the true profile above this height range and fails to reproduce
the ozone gradient in the UTLS. As expected, the weakly constrained profile
oscillates around the true profile. Once the a posteriori IVS regularization is
applied, the SACRS profile matches well the true profile up to 9-10 km. In the
UTLS, the strong oscillation introduced by the FCRS retrieval is largely reduced
by the SACRS retrieval, despite remaining difficulties to retrieve small vertical

features in this region due to the limited vertical resolution of the measurement.
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The AvK in the bottom panel of Fig. 3 show that the weak constraint producing
the oscillating solution is characterized by a larger number of DOF i.e. higher
AvK values at tropospheric altitudes (red and blue AvK curves) and also in
the lower UTLS altitudes (green curves). The IVS regularization applied to the
oscillating solution provides a slightly stronger constraint: tropospheric AvK
become smaller than those of the oscillating solution, but still larger than those

of the FCRS solution. The corresponding DOFs are shown in the legend.

3. Simulation of the ozone pseudo-observations (PO)

The pseudo-observations or synthetic observations presented in this section
are the simulated measurements based on a known atmospheric state and the
corresponding forward radiative transfer calculation for the chosen instrumen-
tal configuration. In order to evaluate the performance of the SACRS algo-
rithm, two sets of pseudo-observations have been generated: one using a Chem-
istry and Transport Model (CTM) as true ozone, referred to as CTM-pseudo-
observations (CTM-PO), and one using the ozonesondes, referred to as sonde-
pseudo-observations(S-PO). The true ozone profiles (from CTM or sondes) are
used as the inputs of the KOPRA/KOPRAFIT radiative transfer model [37]
to simulate TASI-NG-like radiances. The radiances are simulated including the
instrumental specifications and performances of ITASI-NG in terms of radiomet-
ric noise in the 10 pum spectral region (10 nW/(cm?srem™=!) and the apodized
spectral resolution (0.25 cm™1) [31]. As for the measurement geometry, we
use the TASI geometry based on the location of the pixels actually sampled
by TASI for the simulated dates. For the CTM-PO, we used the MOCAGE
(MOdele de Chimie Atmosphérique & Grande Echelle) model [38]. This model
provides vertical profiles of atmospheric state and composition variables for 47
levels up to 5 hPa (approximately 35 km altitude) with a vertical resolution that
increases from 150 m (lower troposphere) to approximately 1 km (stratosphere)
and a horizontal resolution of 0.2° x 0.2°. The same set of data was used by [39]

to study multispectral ozone retrievals. We present here one day of simulations
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over Europe (9 July 2010). Over 18,000 measurements have been simulated. No

cloud information was taken into account for these simulations.

Ozonesondes used for this study were obtained from different archives: WOUDC
(http://www.woudc.org/), NOAA- CMDL (http://www.esrl.noaa.gov/gmd/dv/ftpdata.html),

and SHADOZ (http://croc.gsfc.nasa.gov/shadoz/). These ozonesondes provide
in situ measurements of vertically-resolved ozone concentrations at different sta-
tions around the world. The measured vertical profiles of ozone have a vertical
resolution of ~ 150 m and reach up to 30-35 km. For the altitudes over 30
km, the ozone profiles in both cases (CTM-PO and S-PO) are completed with
climatological values in order to calculate the radiative transfer and the satellite
signal over the atmosphere up to 60 km of altitude corresponding to 51 layers
of the chosen vertical retrieval grid. For the case of S-PO only the zero de-
grees inclination nadir geometry is considered. We use, for the simulations, the
soundings available after 2007 in order to avoid using the same soundings used
to define the a priori profiles of the retrieval (section 2.1). Over 4,000 ozone
soundings have been used to simulate TASI-NG-like observations. We consider
the surface temperatures and the temperature profiles from ECMWFEF to define
the associated temperatures.

Table 1 summarizes the five retrieval sets used in the present study. The
three retrievals using the CTM-PO are performed in order to study the effect of
taking into account different sets of a priori profiles in the FCRS and compare
them to the SACRS retrievals using the spatially resolved ozone plumes as
the known atmospheric state. The two S-PO retrievals were made in order to
evaluate the retrievals using better vertically resolved true ozone profiles as the
known atmospheric state. The retrieval results are evaluated against the true
ozone in terms of bias, root mean square error (RMSE), and correlation. The
error estimate resulting from the two algorithms is evaluated using the RMSE
that represents the total error, which includes both measurement and smoothing

errors.
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Table 1: Description of the simulated retrievals.

Retrieval set | Algorithm | A priori PO-type | Simulated period | Number of obs
1 FCRS 3 a priori | CTM-PO 09.07.2010 18540
2 FCRS 11 a priori | CTM-PO 09.07.2010 18540
3 SACRS | 11 a priori | CTM-PO 09.07.2010 18540
4 FCRS 3 a priori S-PO 2007-2012 4125
5 SACRS 11 a priori S-PO 2007-2012 4125

4. Results and discussion

First, we evaluate the impact of using the three climatological profiles or
the set of eleven TPH-dependent a priori profiles (see Fig. 1) in the CTM-PO
retrievals. The retrievals are made with the FCRS algorithm used in previous
studies [2, 24, 4] and which includes different sets of a priori (Table 1, retrieval

sets 1 and 2). Left and center panels of Fig. 4 show the results.

50 50

bias = 4.27 % bias = 5.33 %
20 RMSE = 13.93 % %0 RMSE = 12.76 %
DOF6km = 0.75

DOF6km = 0.75

30

20

FCRS, 3 a priori, DU
FCRS, 11 a priori, DU
SACRS, 11 a priori, DU

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
True ozone, DU True ozone, DU True ozone, DU

Figure 4: Scatterplots of the retrieved versus simulated ozone partial columns 0-6 km for the
CTM-PO. Left panel - FCRS retrieval with the set of 3 a priori. Middle panel - FCRS retrieval
with the set of 11 a priori. Right panel - SACRS retrieval with the set of 11 a priori.

The evaluation is done on the lower tropospheric ozone columns (surface-6
km) calculated in Dobson Units (DU). In order to estimate the fraction of con-
tamination of the lower tropospheric column by higher altitudes, we calculated
the ratio between the integral of the AvK of the lower tropospheric column from

6 to 60 km and the integral from the surface to 60 km. The average made for all
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retrievals made for CTM-PO shows that higher atmospheric layers contribute
to about 20% of the lower-tropospheric column.

Using the enhanced set of a priori for FCRS improves the correlation by
about 9% of the retrievals but not the bias. The remaining tail on the scatterplot
(values < 25 DU) shows that using the enhanced a priori set does not improve
the FCRS retrieval. This tail disappears on the right panel when SACRS (Table
1, retrieval set 3) is used. This tail corresponds to the higher latitudes and
strong negative biases that can be seen on the map of the differences between
the retrieved and the true ozone for the case of FCRS (Fig. 5, left top panel).

The bias and the RMSE are reduced by 40% and 15% respectively when
using the SACRS approach (right panel in comparison with the left panel).
The correlation is also improved by about 10%. The retrieval sensitivity is also
improved using the SACRS approach with DOF 6km increased from 0.75 to
0.83 in the lower troposphere.

The true ozone distribution and the differences between the true and the
retrieved ozone distribution are shown in Fig. 5. The figure presents the results
obtained using the FCRS (Table 1, retrieval set 1) and SACRS (Table 1, re-
trieval set 3) approaches (first row). The spatial distribution of the DOFs for
0-6 km is also plotted for the two approaches (second row). Pixels for which at
least one of the two retrievals did not converge are displayed in white. The main
spatial features of the true ozone distribution are reproduced by both retrieval
schemes. Nevertheless, some overestimations and underestimations introduced
by the FCRS and already seen on the scatterplots (Fig. 4) are improved with
the SACRS, especially over the northwestern area. The lower tropospheric DOF
are increased on average using SACRS. They are more spatially homogeneous
being less dependent of the sampled atmospheric conditions (TPH, surface tem-
perature, thermal contrast, etc).

Two typical cases of the polar air mass retrievals are shown in Fig. 6 and
Fig. 7. The first retrieval example (Fig. 6) is taken from the Scandinavian plume
with the strong negative bias in the FCRS results shown on the maps of Fig. 5.

These polar air mass situations are characterized by low TPH (10 km) and a
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Figure 5: Distribution of the differences between the retrieved and true ozone (CTM-PO)

partial columns 0-6 km (first row), retrieved DOFs for 0-6 km (second row).

relatively high thermal contrast (2.43 K) if compared to typical values for the
polar air masses (the average thermal contrast for the simulated polar air mass
cases is 0.01 K) . The second retrieval example (Fig. 7) is taken from the strong
positive bias plume shown in Fig. 5 around (59.52 N, -9.24 E). These polar air
mass situations are characterized by low TPH (9 km in this case) and a thermal
contrast closer to zero (1.06 K in this case). The differences in the retrieved
profiles can be explained by the retrieval AvK which, in the SACRS case, are
better separated between the lower tropospheric part (0 km to 6 km) and the
polar air mass UTLS region (7 km to 12 km). The FCRS AvK for the first
polar air mass case (Fig. 6) show that almost the entire polar troposphere is
correlated in this retrieval and the ozone overestimation in the lower stratosphere
is compensated by the underestimation in the lower tropospheric part. In the
case of the SACRS retrieval, the adapted constraint allows to better separate
these two altitude regions. The AvK diagonal shows that the SACRS retrieval is

less sensitive than the FCRS to the lower polar stratosphere and more sensitive
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Figure 6: Example of the retrieval profiles for the polar air mass (68.56N, 21.52E).

to the lower tropospheric altitudes. The two maxima show the altitudes for
which the partial columns are less inter-dependent. In the second polar air mass
case (Fig. 7), FCRS AvK show again that almost the entire polar troposphere
is correlated in this retrieval. This explains why the ozone underestimation
in the lower stratosphere is compensated by the overestimation in the lower
tropospheric part. The SACRS retrieval adapts the strength of the constraint
so that the lower tropospheric part of the profile is regularized more strongly.
The AvK diagonal shows that, as compared to the FCRS, the SACRS retrieval
is less sensitive in the lower polar stratosphere but less correlated to the polar
UTLS altitudes.

The typical case for a tropical air mass retrieval is shown in Fig. 8. This

tropical air mass situation is characterized by high TPH (14 km). Here again the
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Figure 7: Example of the retrieval profiles for the polar air mass (59.52N, -9.24E).

difference between the FCRS and SACRS retrieved profiles can be explained by
the differences in retrieval AvK. The self-adapting regularization of the SACRS
approach constrains more effectively the profiles in the tropical UTLS region.
Contrary to the FCRS retrieval, the SACRS constraint does not allow the so-
lution vector to have the strong variations in the UTLS. In the FCRS retrieval,
although the tropospheric profile is well reproduced, the ozone gradient in the
UTLS region is not represented correctly.

We also evaluate the performances of the two retrieval approaches on six
different partial columns in the troposphere and UTLS. We compare (Fig. 9) the
correlation coefficient, the mean bias and the RMSE obtained for the different
partial columns calculated between the surface and the altitude of 21 km. This

evaluation is based on the CTM-PO. We see that with the SACRS approach the
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Figure 8: Example of the retrieval profiles for the tropical air mass (41.71N, 18,24E).

three statistical indicators are improved for almost all these partial columns.
We use the ozone soundings (Table 1, retrieval sets 4 and 5) to evaluate
the retrieved profiles because they provide a sampling of a larger range of at-
mospheric conditions (tropical, midlatitudes and polar). In Fig. 10, the mean
ozonesondes profile (averaged over the entire sounding dataset) is compared to
the mean a priori profile, and the mean profiles retrieved with the FCRS and
the SACRS approaches. The ozone profiles are not smoothed using the retrieval
AvK for this comparison. The differences between the ozonesonde profiles and
the retrieved profiles are also displayed as well as the mean diagonal of the AvK
matrix which is an estimate of the sensitivity of the retrieval with respect to
variations in the atmospheric true state. On average (top row), the vertical sen-

sitivity as seen by the AvK is increased below 5 km and decreased in the UTLS
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Figure 9: The 6km partial columns correlations (top), bias (middle), RMSE (bottom) for the
two retrieval schemes (CTM-PO).

with the SACRS approach. The bias is more constant (about 10%) in the tropo-
sphere, up to 10 km. The bias compensation in the UTLS is strongly reduced.
Considering the validation issues reported in [24, 25], we also explore the two
atmospheric situations for which the FCRS approach failed more systematically:

w5 the polar and the tropical latitudes (second and third rows of Fig. 10). Polar
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situations are usually less favorable to the retrieval due to thermal conditions
decreasing the sensitivity of infrared sounders. The SACRS approach adapts
the constraint to these situations, reducing the sensitivity of the retrieval in the
troposphere and then avoiding the over-interpretation of the observation. The
final agreement with the sondes is better with a very small bias in the tropo-
sphere. The tropospheric ozone column between 0 and 9 km calculated for these
polar situations shows a bias of 8.6% with FCRS and 0.5% with SACRS. The
correlation is close for both retrieval schemes: 0.87 for FCRS, 0.88 for SACRS.
The underestimation of ozone in the UTLS remains. Concerning the tropics,
previous studies underline the difficulties to retrieve the strong ozone gradient
in the UTLS region, especially due to the S-shape of the ozone profile in this
region (e.g. [24]). The SACRS approach strongly improves the retrieval in the
UTLS (Fig. 10 last row). The upper tropospheric ozone column between 12
and 18 km calculated for these profiles shows a bias of 24.4% with FCRS and
10.1% with SACRS. The correlation is also improved: 0.88 for FCRS and 0.93
for SACRS.

We also evaluate the ability of the FCRS and SACRS algorithms to prescribe
realistic error estimates for both the profiles and the partial columns. We use
the S-PO and the CTM-PO and compare the mean estimated error profiles,
which is the diagonal of the total error matrix (Eq. 5 for the FCRS and Eq. 18
for the SACRS) to the RMSE profile, which gives an estimate of the actual
error. Results are provided in Fig. 11. In the case of the S-PO, the FCRS
error estimation (green) is in good agreement with the actual error (RMSE)
for the lower troposphere (below 7 km) and shows a strong underestimation of
the error at higher altitudes. The error estimation derived from the SACRS
algorithm (blue) shows a slight overestimation in the lower troposphere and a
good agreement for the altitudes above 8 km. Considering the CTM-PO, the
SACRS error estimation is in good agreement with the actual error, whereas
the FCRS error is strongly underestimated in the entire atmosphere.

The same behavior of the error can be seen in terms of partial columns

for the case of CTM-PO: Fig. 12 presents the differences between the errors
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Figure 10: Simulated versus retrieved profiles from the S-PO. First row — average of the 4125

profiles (all latitudes, all stations), Second row — average of the particular cases in the polar

latitudes where the DOF is decreased by self-adapting. Third row — average of the particular

cases in the tropical latitudes where the retrieval of the ’S-shape’ profiles is improved.

calculated as the RMSE (presented also in the Fig. 9, bottom panel) and the
estimated total errors (Eq. 5 for the FCRS, and Eqs. 18 for the SACRS). These

differences are shown for different retrieved partial columns between 0 and 21
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so km. The errors estimates from the FCRS approach are usually underestimated
compared to the RMSE leading to a difference ranging between 6 and 14%. The
SACRS reduces this difference by about 5% with a better error estimation.
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Figure 12: Differences between the estimated and the actual errors for the 6km ozone partial

columns obtained by the two retrieval schemes (CTM-PO).
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5. Conclusions

The SACRS has better retrieval performances in terms of bias reduction
(40%), correlation improvement (10%) and RMSE reduction (15%) with respect
to the FCRS. The error estimate is also in better agreement with the actual er-
ror derived from the comparison with the true ozone. The major improvements
are seen for the cases of polar and tropical retrievals. Indeed, the self-adapting
approach succeeds in better constraining the polar retrievals where the infrared
nadir measurements usually have lower brightness temperatures and hence less
information in the signal [25]. The SACRS approach performs better in the trop-
ical cases with higher TPH where the shape of the ozone profile favors spurious
oscillations in the retrieved profiles and the retrieval often may be biased in the
UTLS region [24, 25]. The spatially resolved retrievals show that the lower tro-
pospheric DOFs are increased on average using SACRS. They are more spatially
homogeneous being less dependent of the sampled atmospheric conditions. The
execution time for one SACRS retrieval is about 280 seconds, while for the FCRS
this time is about 25 seconds. The calculation time is of course not comparable
for these two retrieval schemes. The current study presents the principles of the
new method to define an adjustable retrieval constraint. This retrieval scheme
is not meant to be used operationally in its current state. For that purpose, an
optimization of the code will be required. The new retrieval scheme was tested
for instrumental specifications of the future TASI-NG instrument. Nevertheless,
it may be applied to any other type of measurements. It may be particularly
interesting to test this retrieval scheme with the multispectral retrievals [10, 11]
where the sensitivity of the measurement to different altitudes may be highly
variable due to the nature of different spectral components of the measurement
and their behaviour in different atmospheric conditions. This regularization
scheme may be applied to other species retrieval. The initial shape of the con-
straint function that is adjusted during the retrieval of the oscillating solution

may be adapted to each particular species.
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