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Introduction
• Tropospheric ozone requirements
• TROPOMI tropospheric ozone column:

• As part of the ozone profile product
• Tropospheric ozone using convective cloud differential algorithm (CCD) 

method

• TROPOMI spectral bands
• TROPOMI ozone profile algorithm
• Examples of tropospheric ozone from OMI
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3.2 Climate Modelling User Group (CMUG) 
 
The main objective of the Climate Modelling User Group (CMUG) is to provide guidelines 
within ESAs Climate Change Initiative to the currently eleven sub-projects to facilitate the 
optimal use of the data products produced. In particular it is necessary to foster the scientific 
exploitation of global satellite data products for the community of climate modellers and 
chemistry-climate modellers. The Climate Research Group (CRG) within Ozone_cci refines 
these user requirements as well as necessary specification for the required data products. They 
help to integrate and assess the global ozone data products in the context of numerical models. 
Moreover they promote and support the use of ozone data products originated from this project. 

 
Table 2: The CMUG requirements on ozone (CMUG, D1.2, version 1.3, November 2010). SSEOB stands for 
“Single sensor uncertainty estimates for every observation”. 
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Comments:
• The	precision	will	depend	strongly	on	the	a-prior	error.
• Is	the	smoothing	error	included	in	the	accuracy?
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4.2 Heritage 235 

The retrieval algorithm for the ozone profile uses Optimal Estimation (OE) (see Rodgers, 2000). 236 
In the retrieval the measured radiance is simulated using radiative transfer calculations. The 237 
radiative transfer calculations are initially based on the adding-doubling method (De Haan et al, 238 
1987, Hovenier et al, 2004). The adding part of this algorithm is replaced by the layer based 239 
orders of scattering method to increase the efficiency of the calculations. The Jacobians needed 240 
in OE are calculated based on reciprocity, which is similar to using the adjoint version of the 241 
equation of radiative transfer. In many ways the retrieval algorithm is similar to the one used for 242 
ozone profile retrievals from the OMI measurements (Kroon et al., 2011). Differences are that 243 
we retrieve ozone at pressure levels in the atmosphere and not for atmospheric layers. 244 
Extensions are that we also retrieve ozone for sub columns. The prototype software for this 245 
algorithm, called DISAMAR, is more coherent, more user friendly, and more flexible than the 246 
operational code used for OMI measurements. Special techniques used for the operational OMI 247 
profile algorithm, like using Chebyshev polynomials to approximate the reflectance to perform 248 
the integration over the slit function efficiently will also be implemented in the prototype 249 
software. Furthermore, a polarization correction look-up table will be used and the approach to 250 
correct for rotational Raman scattering is an improved version compared to the operational OMI 251 
algorithm. The polarization correction table for OMI was created using a adding-doubling code 252 
(De Haan et al., 1987). A new polarization correction LUT will be created using DISAMAR 253 
because rotational Raman scattering is dealt with in a different manner.  254 

4.3 Product requirements 255 

Accuracy requirements for sub columns of ozone are listed in Table 4.3-1 (taken from [RD03]). 256 
There are no requirements on the profile itself. 257 

 258 

Table 4.3-1. Accuracy requirements for sub columns of the ozone profile. 259 

Sub column PBL1) 0 - 6 km 6-12 km 12-18 km 18-50 km 

Required 
accuracy ≤ 60 % ≤ 20 % ≤ 12 % ≤ 5 % ≤ 3 % 

1) In practice the pressure at the top of the planetary boundary layer is not known and results for this sub column can not 260 
be provided. Simulation studies can be used to estimate the accuracy for the PBL. 261 

 262 

Requirements on ozone were formulated in the CAPACITY study [RD-05], but these 263 
requirements did not consider a specific instrument to perform the measurements, and 264 
formulated generic requirements. The required vertical resolution ranges from 0.5 to 3 km, 265 
depending on the user category. Such a vertical resolution can only be met for limb sounding 266 
instruments and not for nadir sounders like TROPOMI. 267 

In the GMES Sentinels 4 and 5 Mission Requirements Document [RD-03] the requirements are 268 
taken from the CAPACITY study. 269 

Comments:
• Accuracy	is	defined	as	the	total	error,	including	precision.



Chart 5

S5P Tropospheric Ozone Algorithm – CCD

Valks et al., AMT 2014



Chart 6

Tropospheric Ozone CCD from GOME-2 

Ø CCD algorithm applied to operational O3M-SAF GOME-2 GDP 4.8 data 
Ø DOAS total ozone (Loyola et al., JGR 2011; Hao et al., AMT 2014)
Ø OCRA & ROCINN clouds (Loyola et al., TGRS 2007; Lutz et al., AMT 2016)
Ø http://atmos.caf.dlr.de/products/gome2

Ø Tropospheric column up to 10 km (~280 hPa) monthly means with a resolution of 2.5 x 1.25°(long x lat) 



Chart 7

Tropospheric Ozone CCD Trends

Ø Tropospheric Ozone CCD Time series 1995 to 2015 (~20 years) using  ESA CCI data from 
GOME, SCIA, OMI, GOME-2A and GOME-2B

Ø Harmonized using SCIAMACHY as reference
Ø Fit linear function, sine, cosine, and indices for ENSO, QBO, solar flux
Ø Global tropical trend 0.7 ± 0.12 DU/decade
Ø Regional trends

Heue et al., AMT in-press



TROPOMI spectral bands

UV UVIS NIR SWIR

Band 1 2 3 4 5 6 7 8

Spectral	coverage	
[nm] 270	– 320	 320	– 495 675 - 775 2305	– 2385

Full	spectral
coverage	[nm] 267	- 332 303	- 499 660	- 784 2299	- 2390

Spectral resolution	
[nm] 0.49 0.54 0.38	 0.25

Spectral	sampling	
ratio 6.7 2.5 2.8 2.5

Spatial	sampling
[km2] 7 x	28 7	x	3.5 7	x	7



TROPOMI O3 Profile Algorithm
• Optimal estimation with on-line 

radiative transfer
• State vector elements: see next slide
• Initially, the a priori profile will be taken 

from the TOMS V8 climatology with 
simple a priori errors.

• Spectral window: 270-325 nm
• Output product:

• Ozone profile: 21 levels
• 4 sub-columns, 2 in the troposphere
• Tropospheric column
• + averaging kernels etc.
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Figure 7.20. Retrieved ozone profile (blue) for a stratospheric intrusion (black line gives the true 1385 
profile). The triangles on the a priori profile (red) give the retrieval levels. The green line is the 1386 
estimated profile using Eq. (7.1). The solar zenith angle is 60 degrees, the viewing direction is 1387 
nadir and the surface albedo is 0.05. There are no clouds or aerosols present. 1388 

7.3.2.2 Biomass burning 1389 

Figure 7.21 shows retrieval results for biomass burning in the tropics. The large amount of  1390 
ozone close to the surface, which is evident in the true ozone profile (black line), is partly seen 1391 
in the retrieved profile (blue line), but the strong gradient is not followed by the retrieved profile. 1392 
As before, the profile estimated using Eq. (7.1) (green line) follows the retrieved profile closely, 1393 
except near the ozone maximum. 1394 
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Figure 7.21. Same as Figure 7.18, but for tropical biomass burning and a solar zenith angle of 1396 
20 degrees instead of 60 degrees. 1397 

7.3.2.3 Ozone hole conditions 1398 

For ozone hole conditions convergence problems occur, unless we scale the a priori profile so 1399 
that the total column more or less agrees with the true ozone column. It is not yet decided how 1400 
this will be solved in the operational algorithm. One can use the results of the total ozone 1401 
column algorithm, make a crude estimate of the total column using internally a DOAS-like 1402 
retrieval, or use ozone column values from ECMWF. 1403 
 1404 



State vector elements
 659 
Table 5.1. State vector elements. 660 
State vector elements A priori value A priori error (1 sigma) 
The logarithm of the ozone volume 
mixing ratio at different pressure 
levels 

From climatology. 20% for the volume mixing 
ratio outside ozone hole 
conditions. 60% for ozone hole 
conditions. 

SO2 column 0.1 DU 5 DU 
Temperature shift at all ECMWF 
pressure levels or one shift that 
applied to all levels. 

ECMWF data 5 K (TBD) 

Surface albedo at one or more 
nodes (optionally one for band 1 
and one for band 2) 

0.05 1.0 (is large to account for 
snow/ice) 

Cloud fraction (optionally one for 
band 1 and one for band 2). Cloud 
fraction can be made wavelength 
dependent to reduce errors due to 
differences in co-registration. 

From FRESCO From FRESCO + additional 
error to account for mis-
registration 

Cloud albedo (optionally one for 
band 1 and one for band 2) 

From FRESCO 0.3 (TBD) 

Cloud pressure From FRESCO From FRESCO 
Wavelength at one or more 
wavelength nodes 

Nominal wavelength 
from Level 1b product 

0.02 nm (TBD) 

Stray light coefficients at one or 
more wavelength nodes 

0.0 TBD 

 661 
At least initially, the a priori profile of ozone will be taken from the TOMS V8 climatology (Bhartia 662 
and Wellemeyer, 2004) with simple a priori errors. The main reason is that the patterns in the 663 
retrieved ozone profile are then due to the measured radiances and these are easier to 664 
interpret. The option is open to use later output from a chemical transport model (CTM) as prior 665 
information and prior errors. Patterns in ozone may then be due to the CTM and/or the retrieval 666 
algorithm, and/or errors in the measured radiances (see also the discussion on smoothing 667 
errors in Sec. 4.3). 668 
 669 
A priori error for the cloud fraction and cloud pressure is taken from the L2 KNMI cloud support 670 
product, also called FRESCO. The a priori error for the cloud albedo is expected to be 0.3. 671 

The a priori value for the surface albedo will be set to 0.05 and its error will be set to 1.0 to allow 672 
for snow and ice. If a snow-ice database is available a different choice could be made. 673 

5.2.1.3 Measurement errors 674 

Unknown systematic errors in the measurements are modelled by adding error terms to the 675 
diagonal of εS  and using a correlation length of 50 - 100 nm. The expression for the non-676 
diagonal elements is the same as Eq.(5.2.1.2-1), but with z replaced by λ and l expressed in nm. 677 
The magnitude of the error on the diagonal is taken from the Level 1b product. 678 

5.2.1.4 Updating the state vector 679 

Let ax  be the a priori state, ix  (i = 0, 1, 2, ..) subsequent iterations of the state vector. It is 680 
possible to use axx =0 , but this is not required. The Gauss-Newton method gives the following 681 
update for the state vector: (Eq. (5.9) in Rodgers, 2000) 682 
 683 
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+ εε     (5.10) 684 
 685 
Here iii xxFK ∂∂= /)(  is the Jacobian or weighting function matrix for iteration number i. The a 686 
posteriori covariance matrix is given by 687 
 688 
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Absolute	difference
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It is useful to note that in the prototype algorithm averaging kernels are calculated for the 1363 
logarithm of the volume mixing ratio, for the volume mixing ratio itself, and for the number 1364 
density, and they all look different. The averaging kernel for the number density tends to 1365 
become very large near the top of the atmosphere and it oscillates there wildly. Hence, we 1366 
choose to show the averaging kernel that is actually used in the retrieval and behaves rather 1367 
predictable. 1368 
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 1369 
Figure 7.19. Averaging kernel corresponding to the retrieval shown in Figure 7.18 with an a 1370 
priori error of 40%. Here the logarithm of the volume mixing ratio of ozone is fitted. 1371 

7.3.2 Other cases 1372 

In this section the a priori profile obtained from the TOMS v8 climatology, and the a priori error 1373 
is set to 20% at all altitudes, except for the ozone hole where it is set to 60%. 1374 

7.3.2.1 Stratospheric intrusion 1375 

The true profile, used to simulate the reflectance spectrum in the wavelength range 270-320 1376 
nm, is the stratospheric intrusion ozone profile from the CAMELOT project and calculated with 1377 
TM4. Figure 7.20 shows the retrieved profile, which illustrates that the shape of the profile in the 1378 
troposphere is the shape of the a priori profile. Hence, even in this ideal case (no instrumental 1379 
biases and no noise) we can not retrieve a stratospheric intrusion if it is not already present in 1380 
the a priori ozone profile. The profile estimated using the averaging kernel (green line) nearly 1381 
coincides with the retrieved profile. Hence, in the context of data assimilation, differences 1382 
between model profiles and retrieved profiles can be detected fairly accurately. 1383 
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Summary
• TROPOMI tropospheric ozone products:

• Cloud convective cloud differential 
algorithm (CCD) method

• Ozone profile

• The UV spectrometer is optimized for 
ozone profile retrieval.

• Research opportunities for combined UV-
TIR retrieval (with NPP/CrIS) and higher 
spatial resolution products.

• Algorithms should be optimized for 
tropospheric ozone w.r.t. a-priori ozone 
profile and a-priori errors.

• UV ozone profile products are complex to 
use, because of the tropospheric ozone 
averaging kernels and dependence on a 
priori.


