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Abstract  
 

The TES retrieval algorithm has been applied to IASI radiances. We compare the retrieved ozone 
profiles with ozone sonde profiles for mid-latitudes for the year 2008. We find a positive bias in the 
IASI ozone profiles in the UTLS region of up to 22 %. The spatial coverage of the IASI instrument 
allows sampling of effectively the same air mass with several IASI scenes simultaneously. 
Comparisons of the root-mean-square of an ensemble of IASI profiles to theoretical errors indicate 
that the measurement noise and the interference of temperature and water vapour on the retrieval 
together mostly explain the empirically derived random errors. The total degrees of freedom for signal 
of the retrieval for ozone are 3.1 ± 0.2 and the tropospheric degrees of freedom are 1.0 ± 0.2 for the 
described cases. IASI ozone profiles agree within the error bars with coincident ozone profiles derived 
from a TES stare sequence for the ozone sonde station at Bratt’s Lake (50.2° N, 104.7° W).  

INTRODUCTION 

Ozone acts as a toxic pollutant in the lower troposphere, a greenhouse gas in the upper troposphere 
and as a protective shield against harmful ultra-violet radiation in the stratosphere. Satellite-borne 
instruments provide the means for global and continuous monitoring of this important trace gas. High 
spectral resolution infrared radiance measurements, such as those from the Tropospheric Emission 
Spectrometer (TES) on the NASA Aura satellite (launched in 2004), and the Infrared Atmospheric 
Sounding Instruments (IASI), on the MetOp-A and MetOp-B satellites (launched in 2006 and 2012 
respectively) can provide vertical information on tropospheric ozone. Together, these instruments now 
provide a record spanning more than eight years. As part of efforts to assess consistency between the 
TES and IASI data records, a retrieval for ozone from IASI radiances, building on the data processor 
for TES, is under development as a collaboration between NASA JPL and NCAR. Using a priori 
information consistent with TES retrievals, the optimal estimation approach is applied to IASI 
radiances in order to obtain vertical distributions of ozone. This paper shows comparisons of these 
retrievals with coincident ozone sonde profiles. The emphasis of this study is on the characterisation 
of the retrieval uncertainties and sensitivity. 

IASI OZONE RETRIEVALS  

The IASI instrument is a Fourier transform spectrometer measuring infrared radiances between 645 
and 2760 cm-1 with a spectral resolution of 0.5 cm-1 (apodised). IASI is a nadir-viewing instrument and 
scans across the track within ±48.3° in a step and stare mode. There are 120 measurements per scan 
line and the surface footprint is circular with 12 km diameter at nadir. Global coverage is achieved 
twice daily. IASI was designed by the Centre National d’Etudes Spatiales (CNES) and launched 



October 2006 onboard the MetOp-A satellite. More details of the instrument can be found in Clerbaux 
et al (2009).  
 

 
Figure 1: Theoretical errors for selected locations.  
 
We apply an optimal estimation approach (Rodgers, 2000) following the TES algorithm to IASI L1c 
radiances to simultaneously retrieve ozone and water vapour profiles in the spectral windows 990–
1031 cm-1, 1040–1049 cm-1, and 1069–1072 cm-1. The optimal estimation approach minimises the 
cost function: 
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in a non-linear Levenberg-Marquardt iterative scheme (Bowman et al., 2006). y is the measured 
radiance, a discrete vector, related to the true state Ltrue by an additive noise model ε: 
 = +y L εtrue  (2) 
L can also be interpreted as an operator describing the radiative transfer dependent on the 
atmospheric state.  Hence L(x) is the forward model of a specific state vector x. The second term of 
(1) describes the difference between the a priori profile za and the retrieved state z. The retrieval is 
constrained with the data noise and covariance matrices corresponding to the a priori profiles. The 
constraint matrices are altitude dependent Tikhonov constraints (Kulawik et al., 2006). In this 
technique, the constraint is optimised for a specified a priori covariance, for which MOZART-3 was 
used (Brasseur et al, 1998), although the water covariances were scaled up to a 40% variability in the 
troposphere. The ozone constraint matrices are binned into five latitude bands and the water vapour 
constraint matrix is the same for all locations on the globe. The constraint matrices can be inverted to 
yield the a priori error covariance Sa.  
The ozone a priori profile and first guess for the IASI retrievals are the same as for TES. They are 
generated by merging the climatological monthly mean tropospheric and lower stratospheric ozone 
field from a 1997-2004 simulation from the MOZART-4 CTM (Emmons et al., 2010) with the 
climatological monthly mean stratospheric and mesospheric ozone field from a 2005-2010 simulation 
from the Whole Atmosphere Chemistry-Climate Model (WACCM) model (Kinnison et al., 2007). The a 
priori profiles are binned by months and by region in 10° latitude and 60° longitude steps. The water 
vapour a priori profile is taken from the EUMETSAT operational L2. Atmospheric temperature profile 
and skin temperature are fixed to the IASI EUMETSAT operational L2 values. Other parameters held 
constant in the retrieval include the CO2 profile taken from MOZART climatologies, the surface 
emissivity over land from the Zhou et al. (2011) climatology and the emissivity over water is from Wu 
and Smith (1997). The IASI scenes are assumed to be cloud-free and were selected with a cloud 
fraction of less than 13% according to the EUMETSAT operational L2 data. The absorption 
parameters used in the retrieval are from the TES_v1.4 line parameter database (http://rtweb.aer.com) 
and are pre-calculated. Noise equivalent spectral radiance (NESR) has been estimated at 20 nW / 
(cm2 sr cm−1) from a set of representative spectra measured in orbit (Clerbaux et al., 2009). The 
forward model calculates on 67 fixed pressure levels. The retrieval for ozone is performed on 26 levels 
and for water vapour on 18 levels. The surface pressure is taken from the operational L2 data and the 
retrieval pressure levels are cropped if necessary at the bottom to reflect the surface pressure. 
 

ERROR ASSESSMENT 

Various factors contribute to the overall uncertainty of a retrieved ozone profile, i.e. the smoothing by 
the retrieval/instrument due to the per se limited information content of the measurement, the data 



noise of the instrument, coupling between simultaneously retrieved parameters, and the uncertainties 
associated with parameters that are not included in the retrieval state vector. The latter include the 
temperature profile, trace gas profiles for interfering species, spectroscopic parameters of the 
atmospheric species, the surface temperature, and the emissivity climatology. Further, possible 
contamination of an IASI scene with clouds can lead to errors if not considered in the retrieval. 
Additional sources of uncertainty include the IASI instrument calibration and forward model errors 
associated with discretisation and interpolation of atmospheric profiles. The propagation of these 
uncertainties into the uncertainty of the atmospheric parameter of interest is sometimes relatively 
easy, e.g. for the measurement noise. But uncertainties concerning the atmospheric state are rather 
difficult to quantify since the true state is unknown, e.g. cloud optical parameters. Also instrument 
calibration errors are unknown (Boynard et al., 2009) and the performance of the radiative transfer 
model cannot be independently assessed partially due to the fact that the spectroscopic line 
parameters are not known with sufficient accuracy (Clough et al., 2006). Mathematically, the error 
covariance can be described as a sum of four terms: 
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The first two terms, the smoothing error covariance and the measurement error covariance were 
mentioned above. The averaging kernel matrix Azz can be calculated from the gain Matrix G: 
 =A GKzz  (4) 
where K is the Jacobian. The averaging kernel describes the sensitivity of the retrieval to the true 
state. The Jacobian is an output of the radiative transfer model and represents the sensitivity of the 
forward model towards changes in the retrieved state: 
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The gain matrix describes the sensitivity of the retrieved state towards changes in the measured 
radiances and can be calculated from: 
 T 1 1 1 T 1
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The measurement noise covariance matrix Sε is made up of the NESR. Systematic errors originate 
from fixed parameters b with Kb and Sb their respective Jacobians and error covariance matrices. 
Here, we only calculate how the temperature error propagates into the ozone profile. The temperature 
error covariance is derived from ensembles of EUMETSAT L2 temperature profiles for specific cases 
(see below). The cross-state errors stemming from the simultaneous water vapour retrieval is 
composed of the cross-state part of the averaging kernels Axs and the water vapour error covariance
S retb

a . The square-root of the diagonal of (3) yields the uncertainty on the ozone profile. 
Examples for theoretically calculated errors are shown in Figure 1. The temperature error covariance 
matrices for the systematic errors were calculated from the ensemble of operational L2 temperature 
profiles for each set of adjacent IASI scenes. In general, the overall uncertainty, plotted in brown, is 
dominated by the smoothing error. There are two key empirical methods helping to quantify the actual 
errors of the retrieval: a) determining the difference of the retrieved profiles with respect to 
independent measurements, here ozone sondes, and b) determining the range of the deviation from a 
mean of an ensemble of quasi-coinciding retrieved profiles, i.e. calculating the so-called sample 
covariance matrix. The square-root of the diagonal of this covariance also serves as a measure to test 
whether the theoretical errors, limited to the parameters described above, are representative of the 
true errors. 

Systematic errors: validation of IASI ozone profiles with ozone sondes 
 
In order to evaluate systematic errors in the retrieved ozone profiles, they are compared to coincident 
measurements by ozone sondes. IASI scenes were selected to be within ±7 hr and ±110 km of the 
soundings following Dufour et al. (2012). The averaging kernel matrix Azz together with the a priori 
profile za priori are applied to the sonde profile zsonde prior to calculating the bias (Rodgers and Connor, 
2003): 
 = + −z z A z za priori zz sonde a prioriˆ ( )  (7) 

This new profile ẑ mimics the IASI measurement and retrieval due to the limited vertical sensitivity 
inherent to remote-sensing techniques. This study focusses on mid-latitudes in 2008. Figure 2 shows 



the bias between the retrieved IASI profiles and the ozone sondes separated by location. A list with 
the sonde station locations together with the number of IASI scenes and ozone soundings used in this 
comparison is given in Table 1. The coloured lines represent the bias of the individual IASI scenes and 
the solid black line is the mean. The dotted black lines indicate the 1σ standard deviation of the 
averaging. A significant positive bias can be observed for most of the comparisons in the upper 
troposphere/ lower stratosphere (UTLS) region. This bias in ozone is consistent with previous IASI 
measurements (Dufour et al., 2012), but was also seen in TES retrievals (e.g. Verstraeten et al., 
2013). The platform-independent as well as algorithms-independent nature of this bias points towards 
inaccurate spectroscopic parameters for ozone in the infrared wavelength region as most likely 
source. 
 

 
Figure 2: Bias between ozone sondes and IASI ozone profiles for selected mid-latitudinal location for 2008. Number of 
IASI scenes and sondes included in this comparison as indicated in the figure and in Table 1. The IASI averaging 
kernels have been applied to the ozone sonde profiles. Coincidence criteria are ±7 hr and ± 110 km.  
 

Random errors: comparison of coincident IASI ozone profiles 

The difference between adjacent and simultaneous or quasi-simultaneous IASI scenes should not 
exceed the calculated errors neglecting actual variations in the ozone. This RMS difference of 
individual profiles with respect to a mean profile of adjacent IASI scenes is an empirical estimate for 
random errors only. Here we compare the RMS of measured profiles to the combined measurement 
noise error, the cross-state error from water vapour, and the systematic error from keeping the 
temperature fixed. We chose one profile with the median IASI viewing angle from the ensemble and 
assumed that the Jacobians and averaging kernel matrix for this case were representative for all 
profiles in the ensemble. Results for selected cases are presented in Figure 3. Examples were chosen 
to be from scenes within a circle with a radius of 110 km around an ozone sonde location (although 
ozone sonde measurements are not used here). The number of scenes included is stated in the 
individual plots. The IASI scenes are always from the same orbit. Here, the cloud fraction is less than 
6 %. In general, the theoretical errors are similar or slightly smaller than the empirical errors. This 
slight under-estimation could be caused by error sources discussed above, but not included in the 
calculations here. However, the larger RMS could also reflect some actual variation in the profiles. 



 
Figure 3: Theoretical and empirical random errors for selected locations as noted in the plots. The number of profiles 
used is given in the legend of the individual plots as well. 
 

VERTICAL SENSITIVITIES AND DEGREES OF FREEDOM 

A meaningful interpretation of a retrieved profile must always include consideration of the vertical 
sensitivity. Example averaging kernels are shown in Figure 4. The averaging kernels show that IASI is 
sensitive to ozone in the free troposphere, but has limited or no sensitivity to near-surface ozone. The 
vertical sensitivity of the retrieval varies according to atmospheric and surface conditions. The trace of 
the averaging kernel matrix yields the degrees of freedom for signal (DOF) and is summarised in 
Table 1 for the different locations. DOF depend on the thermal contrast and hence on season. On 
average, the total DOF are 3.1 ± 0.2 and the tropospheric DOF are 1.0 ± 0.2 with the tropopause 
height set to 162 hPa, a point of the retrieval grid, which corresponds to about 13 km in the U.S. 
standard atmosphere.  
 

 
Figure 4: Examples for averaging kernels. 
 



IASI AND TES COMPARISON FOR BRATT’S LAKE 

For the ARCTAS field experiment, TES recorded spectra in a stare sequence coinciding with ozone 
sondes launched among others from Bratt’s Lake in 2008 (Boxe et al., 2010). In the stare observation 
mode, 32 measurements are made for the same location. IASI’s coverage naturally yields observation 
for the same location. Here, the IASI retrievals have been performed in two steps: In a first step the 
atmospheric temperature profile and surface temperature are retrieved in the CO2 band with the 
EUMETSAT operational L2 temperatures as a priori. These retrieved temperatures are then used in 
the ozone profile retrievals. This 2-step-approach results in a larger number of successfully retrieved 
ozone profiles and hence better statistics for the comparison. But it is computationally more extensive.  
Three examples are presented in Figure 5 with at least five satellite scenes per example per 
instrument as indicated in the legend. The solid lines give the mean of the individual profiles and the 
dashed lines are the 1σ standard deviation of the averaging. The TES observations are version 5 of 
the level 2 data. The raw ozone profile is also overlaid on the figures. The maximum time difference 
between IASI and TES is 3:26 hr. IASI and TES agree within the uncertainties. 
 

station  
(elevation above sea level) latitude longitude 

# of IASI scenes/ 
sondes 

total DOF/ 
DOF in troposphere 

Goose Bay (36 m) 53.3° N 60.4° W 363/ 30 2.84/ 0.90  
Legionowo (96 m) 52.4° N 21.0° E 158/ 19 3.31/ 1.16  
Lindenberg (112 m) 52.2° N 14.1° E 238/ 30 3.24/ 1. 40 
Valentia Island (14 m) 51.9° N 10.3° W 367/ 33 3.15 / 1.07 
Bratt‘s Lake (580 m) 50.2° N 104.7° W 524/ 42 3.09/  1.04 
Prague (304 m) 50.0° N 14.4° E 191/ 28 3.03/ 0.95 
Kelowna (456 m) 49.9° N 119.4° W 1240/ 62 3.10/ 1.0 0 
Hohenpeißenberg (976 m) 47.8° N 11.0° E 688/ 80 3.1 7/ 1.07 
Payerne (491 m) 46.5° N 6.6° E 851/ 93 3.20/ 1.08 
Trinidad Head (20 m) 40.8° N 124.2° W 753/ 61 3.27/  1.03 
Madrid (631 m) 40.5° N 3.6° W 261/ 35 3.43/ 1.20 
Boulder (1743 m) 40.0° N 105.3° W 230/ 38 3.32/ 1.0 8 
Ankara (891 m) 40.0° N 32.9° E 214/ 19 3.21/ 1.02 
Wallops Island (13 m) 37.9° N 75.5° W 513/ 37 3.38/  1.17 
Macquarie Island (6 m) 54.5° S 158.9° E 204/ 20 2.7 4/ 0.77 
Ushuaia (17 m) 54.9° S 68.3° W 166/ 19 2.76/ 0.78 

Table 1: Overview of ozone sonde stations the number of IASI scenes used in this study. Also included are the mean 
degrees of freedom. Here, the tropopause height is defined to be at 162 hPa. 
 

 
Figure 5: IASI and TES agree within the error bars. 

SUMMARY 

IASI ozone profiles have been retrieved applying the TES algorithm. The resulting ozone profiles have 
been validated with ozone sondes. A positive bias in the IASI ozone profiles compared to ozone 
sondes in the UTLS is found. This is consistent with previous results for IASI (e.g. Dufour et al., 2012) 
but also for TES (e.g. Verstraeten et al., 2013). The most likely explanation for this bias are incorrect 
spectroscopic parameters. Empirical and theoretical errors have been retrieved for selected case 
studies. These two mostly agree and are less than 20 % in the troposphere. On average, the degrees 
of freedom for signal for the retrieved ozone profiles are 3.1 ± 0.2 for the total atmosphere and 1.0 ± 
0.2 for the troposphere. IASI and TES ozone profiles have been compared in three case studies and 
IASI and TES agree within error bars. 
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