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Abstract: We perform nadir retrievals of ozone using simuIated radiances from ozone-sondes 
over Bermuda fiom April 14 to May 25, 1993. Using a novel two-step retrieval strategy, we 
characterize the sensitivity of TES nadir retrievals to time variations of ozone. 
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1. Introduction 

The Tropospheric Emission Spectrometer (TES) on the EOS-Aura spacecraft is an infrared Fourier Transform 
Spectrometer (FTS) that will record the Earth's spectral radiance f?om discrete locations along the orbit track in the 
frequency range 650 to 2250 cm?, (15.4 to 4.4 pn) [l]. The goal of this study is to determine, with simulated 
spectra, whether retrieved TES nadir ozone profiles are sensitive enough to capture the time variability observed in a 
set of real ozone measurements. To that end, we have acquired a set of 15 ozone sonde profiles from the Bermuda 
station taken between April 14 and May 25, 1993[2]. Each ozone-sonde profile set of temperature, H20, and ozone 
are mapped to the UARS pressure levels: log p ,  = 3 - i / N , where N=24 and i = 0,. . . ,23 . This mapping keeps the 
integrated ozone column amounts between pressure levels consistent with the column amounts of the original ozone- 
sonde altitude grid. Because the ozone-sonde profiles only take measurements up to 10 millibars and the UARS 
pressure grid extends to 0.1 millibars, it is necessary to incorporate a realistic ozone profile between 10 and 0.1 
millibars. Therefore, a URAP ozone climatology profile [3] is scaled onto the corresponding low pressure levels. 
Since TES will have a near repeat view of its nadir targets-separated by about 1" longitude--every 2 days, this set of 
ozone-sonde data, which is taken approximately every other day, provides a reasonable simulation of TES temporal 
sampling. 

Assumptions about the instrument and model are required for any simulation. For this simulation we assume 
that (1) surface temperature, atmospheric temperature, and water amount have been accurately retrieved prior to the 
ozone retrievals. However, systematic errors fiom the retrieval of temperature are included in the error analysis as 
forward model parameter errors (41. (2) The signal-to-noise ratio (SNR) is 300; this SNR is much less than the 
optimal TES SNR of 1000, obtained by averaging radiances from all 32 pixels. The reduction accounts for rhe 
estimated precision of the radiative transfer cakularion. Gaussian white noise, with a standard deviation of 1.32~10- 

W (cm2 sr-' cm-I), is added into the simulated radiances associated with each ozone-sonde profile to account for 
this specific SNR. (3) There are no systematic errors associated with the instrument calibration or molecular line 
parameters. This last assumption might be unrealistic, but is necessary until multiple cross-comparisons with other 
satellite, ground-based, and aircrafl measurements, permit the accurate characterization ofthese errors. 

2. Two-step retrieval strategy 

The fine vertical structure and variability of ozone profiles lead to nonlinearities in the retrieval that result in 
numerical instabilities or unacceptably expensive computations. We address these problems by separating the 
retrieval. into two steps. 
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This first step estimates the broad features of the ozone using a technique that we call the “shape retrieval”. The 
ozone profile shape is unique in that the mixing ratio and number density peaks in the stratosphere (about 33 km). 
We take advantage of this prior knowledge of ozone formation by constructing a set of retrieval parameters that are 
specific to the stratosphere and troposphere and that retrieve aspects of the ozone profile shape. In the stratosphere, 
we retrieve two parameters: (1) a scaling parameter that scales a pre-configured stratospheric profile and (2) a 
“shift” parameter that vertically adjusts the pre-configured stratospheric profile. We also retrieve two parameters 
associated with the troposphere: a scaling parameter and the ozone lapse rate. In this context we treat the 
stratosphere and troposphere as two separate atmospheres. We also calculate the sensitivities of these parameters 
with respect to the forward model. 

The second step consists of retrieving a linear piece-wise approximation to the ozone profile that is constrained 
by a Tikhonov-type regularization[5] and by a constraint vector that is set to the ozone estimate of the shape 
retrieval. These steps are summarized as 

where F : IRM + RN is the forward model, zs E EM is the shape retrieval vector, Ms E RMxM’ is the shape 

retrieval mapping matrix, y E RN is the measured spectral radiancc vector, Se E EtNxN is the measurement error 

covariance matrix, A is the Tikhonov constraint matrix, Ml E RMxM” is a piece-wise linear mapping matrix, 

Mi E RM’”M is its pseudo-inverse, z is the retrieval vector for the piece-wise linear retrieval, and i is the estimate 
of the ozone profile on the full-state vector-a finely spaced vertical log pressure grid on which the forward model 
is evaluated. 

The error covariance of the two-step retrieval, which takes into account the time-varying constraint vector, is 
S ;  =[(I-Am)AL +Ai-]Sx. [ (I-A_)Ah +A,] T 

+[(I-A*T)MIGI +MG2]Se[(I-A,)M,Gs +MGJ > 

where An = %/&, A: = &,/&, G = d z / d y ,  G, = az,/@ are the averaging kernels and gain matrices 
of the level retrieval and shape retrievaI respectivdy [4]. The column is related to the ozone estimate in equation (2) 
through the column operator, H such that 6 = H%. The error for column is then simply 

S, = HS,HT. (4) 

3. Results 

Fig. 1 shows the results of the retrieval of ozone on April 30*, 1993, which contains interesting structure in the 
troposphere. The initial guess for the two-step retrieval is a combination of the AFGL standard ozone profile in the 
stratosphere and a constant .05 ppm profile in the troposphere. The estimate from the shape retrieval is then used as 
both an initial guess and constraint vector for the piece-wise linear retrieval. The resolution of the retrieval was 
calculated fi-om the averaging kernel to be approximately 6 km. 

This resolution provides roughly 2 pieces of information in the troposphere. This information is represented as 
coIumns ~II Fig. 2 where the error bars were calculated using equation (4). The retrieved columns capture the time- 
variability of the true columns; the correlation is 0.99 in the upper troposphere and .95 in the lower troposphere. 
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Fig 1. Retrieval ofozone over Bermuda on April 30, 1993. 
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Fig 2. Time series of retrieved and true columns for the upper and lower troposphere far the Bermuda profiles. 
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Result Overview 

Results of the Bermuda retrievals. Considered 
altitude range for calculating the  mean values is 
1000.0 mbar - 10.0 mbar. 

Date 

April 14 

April 15 

_4pril 19 

April 21 

April 22 

April 23 

April 28 

-4pril 30 

May 3 

May 5 

May 7 

May 12 

May 14 

Ma.? 18 

May 25 

rel. rnis ma8x. dev. abs. rrns 

[%I [%I (b4) 
16.7 52.3 (12.5) 0.348 

21.9 71.5 (14.1) 0.221 

13.4 72.9 (65.8) 0.206 

16.9 43.1 (12.0) 0.273 

19.7 68.7 (13.9) 0.224 

18.7 58.8 (14.4) 0.147 

18.0 45.7 (13.2) 0.283 

23.9 49.2 (12.6) 0.259 

12.1 36.2 (17.9) 0.221 

15.0 45.8 (5.39) 0.326 

19.1 55.8 (13.7) 0.224 

8.37 26.9 (6.87) 0.173 

22.3 55.7 (13.9) 0.185 

14.8 44.2 (12.1) 0.220 

11.1 72.6 (65.9) 0.178 

0.967 (22.6) 6.21 7.59 

0.604 (26.2) 6.98 7.40 

0.590 (25.1) 6.70 7.42 

1.11 (35.1) 6.39 7.63 

0.759 (29.0) 6.82 7.50 

0.837 (33.0) 6.95 7.46 

0.791 (32.4) 6.24 7.78 

1.28 (35.1) 6.22 7.96 

1.26 (25.7) 6.53 7.64 

0.993 (31.3) 6.40 7.71 

0.578 (39.5) 6.51 7.62 

0.964 (35.3) 6.10 7.90 

0.564 (35.3) 6.51 7.74 

1.35 (33.2) 6.75 7.59 

0.518 (31.1) 6.66 7.58 



Constraints 

(1) R = Sa-' (diagonal matrix), where the  di- 
agonal is 30 % of the a priori profile, based 
on the estimate of the shape retrieval accu- 
racy. 

( 2 )  R = aLTL, where L is the discrete first 
derivative opera tor. 

(3) R = aLTL, where L is the discrete second 
derivative operator. LTL is normalized to  
the logarithm of pressure and the strength 
(a )  is chosen so that the degrees of freedom 
(trace of the averaging kernel) is about 9. 

(4) R = Sa-', where Sa is from climatology. 
The retrieval parameters are the logarithm of 
the  vmr profile and Levenberg-Marquardt is 
used. 

For the cases (1) - (3) the initial guess and a 
priori profiles are equal to  shape retrieval results 
whereas a climatology profile is used in case (4). 



Constraints cont. 
~ 

First derivative constraint: 

e Purpose: smoothing the solution profile with- 
out shifting it towards the  a priori profile. 

a Operator 

leads to  

L ~ L  = 

L -  

-1 1 o - 9 .  o 
0 -1 1 = .  1 .  

. ' . .  0 
0 -1 1 0 . . .  

0 1 -1 0 . . .  . * .  

-1 2 -1 0 . ' *  

0 - E .  

0 
. . . .  0 -1 2 -1 
0 . . .  . . .  0 -1 1 

- .  

(x - X,)'~L'L(X - xa) minimizes an ab- 
solute distance (smoothing) between the re- 
trieved and the  a priori profile. 
+ relatively strong constraint near ozone 
maxi mum 
+ relatively weak constraint in troposphere 



Constraints cont. 

e Scaling the  constraint matrix with the  inverse 
of the a priori profile 

-1 T Therefore we receive aB .L  .LB-l which 
constrains relative values ( "y) 

U 

e Determine total strength of constraint by cal- 
culating a iteratively that the following con- 
dition is met: 

D~ standard deviation, 

p ,  number of considered levels (in our case 
between 1000.0 and 10.0 mbar), 

S = (K$, T -1 Ko+aB -1 L T LB-')-', 

KO, Jacobian evaluated a t  the  initial guess pro- 
file xo. 



Lonclusions 

e Estimated TES vertical resolution is between 
5 and 7 km in troposphere. Average total 
error is about 20 %. 

Diagonal Sa introduces structure (jack-knifing) 
below the expected TES vertical resolution. 

a Smoothing constraints eliminate jack-knifing 
while retaining expected TES vertical resolu- 
tion. 

Features can be captured that are larger than 
the TES vertical resolution. 

e The smoothing constraints gives the best re- 
sults over the ensemble of profiles, where the 
first derivative constraint is slightly better 
than the  second derivative. 



Level Retrieval Comparison 

Overview: 

a 15 ozone sonde data from the Bermuda sta- 
tion were taken between April 14, 1993 and 
May 25, 1993. 

a Each measurement contain a set of temper- 
ature, water vapor, and ozone profiles. 

a Signal-to-noise ratio (SNR) is set to  300 (NESR 
= 1.32 x lop8 W/(cm2 sr crn-l)). 

0 Considered spectral range for retrieval: 985.0 
- 1075.0 cm-'. 
Spectral resolution: 0.06 cm-I. 

0 Assumption that surface temperature, atmo- 
spheric temperature, and water vapor are known. 

Number of forward model levels: 85. 
Number of retrieval levels: 26. 

0 Retrieval results were calculated assuming dif- 
ferent a priori and initial guess profiles as 
well as different constraint matrices R in 
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