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Figure 2. Columns and rows of the SBUV AKs for the northern middle latitudes. 
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Each diagonal element of AK indicates a Degree of Freedom for Signal 
(DFS) for the individual layer.  The sum of diagonal elements of the AK 
matrix shows a DFS for total ozone retrieval and it varies from 4.5 to 5.5 
out of 6-9 wavelengths used in the SBUV retrieval.  
Degrees of Freedom for Signal (DFS) describes the number of 
independent pieces of information available from measurements.  

Total DFS for 5 layers 
above 1 hPa is about 0.9 

Total DFS for 8 bottom 
layers between surface 
and 25 hPa varies from 
0.7 in the tropics to 1.5 
for high –latitudes in 
summer Figure 5.  DFS for the combined layer in the 

lower stratosphere – troposphere between 
surface and 25 hPa as a function of latitude. 

Figure 4.  DFS for total ozone retrievals as a 
function of latitude for two specified 
months. Total DFS for 7 layers 

between 25 and 1 hPa is 
about 3 with DFS  of 
about 0.5 per individual 
layer 

Figure 8. Vertical profiles of 
mean smoothing errors for 
several latitudes.  

Figure 6. Time series of smoothing error for total ozone. 

SBUV Averaging Kernels 

Figure 9. Time-altitude panels with seasonal anomalies (%), obtained from SBUV (NOAA17) and Aura MLS.  
a) SBUV seasonal anomalies for latitude bin 0-5N; b) Aura MLS seasonal anomalies for the same latitude bin;  
c) MLS anomalies convolved by SBUV AKs; d) Difference between MLS seasonal anomalies and convolved 
MLS anomalies (this quantity might be considered as SBUV smoothing error relative to MLS, or relative 
smoothing error). 
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•The SBUV data set is the only homogeneous satellite ozone record with global coverage that spans more 
than a 40-year time period; 
•All SBUV data were recently reprocessed using an updated (Version 8.6) algorithm [Bhartia et al., 2012] 
that uses Daumont et al. [1992] ozone cross sections, and new ozone [McPeters and Labow, 2012] and 
cloud [Joiner and Bhartia, 1995] climatologies ; 
•Consistency across instruments is achieved in Version 8.6 through radiance-level calibration adjustments 
based on precise comparison of radiance measurements during overlap periods [DeLand et al., 2012] ;  
•The characteristics of the SBUV retrieval algorithm and retrieval errors are accurately analyzed and 
estimated; the Averaging Kernels, A Priori and Smoothing Errors are reported  with the ozone retrievals 
making it convenient to use SBUV ozone profiles in data assimilation processes; 
•The simultaneous existence of two or more SBUV instruments that measure ozone at different local times 
might improve the temporal resolution of the assimilated ozone fields; 
• The monthly zonal mean SBUV ozone profiles are available for download at 
:http://disc.sci.gsfc.nasa.gov/datareleases/MEaSUREs-SBUV-Ozone 

Main Objectives Error analysis 

The AKs for the top few layers 
show broad peaks, which are 

dislocated downward. 

For layers between 25 and 1 
hPa, the AKs have sharp 

maxima at nominal altitudes. 
Here SBUV algorithm has the 
heights Information Content. 

The peaks of Aks below 25 hPa 
are dislocated upward. It means 
that for these layers retrievals 
are more sensitive to ozone at 

higher altitudes.  

Validation 

Figure 1. Timeline of SBUV instruments. Timeline of SBUV instruments. The SBUV data set includes 
measurements obtained from the Nimbus-4 BUV instrument, the Nimbus-7 SBUV instrument, and series of 
SBUV/2 instruments on board  of NOAA satellites 9, 11, 14, 16, 17, and 18..   
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Averaging Kernels (AK) represent the sensitivity of the retrieved profile to the true profile: 

 where        - retrieved profile, and x- true state.  x̂

Figure 3. Vertical profiles of layer DFS for several latitudes.  

A column of the AK at a given layer shows the response of the retrieval to a delta-function perturbation 
of ozone amount in that layer;  A row of the AK at a given layer indicates the sensitivity of the retrieved 
ozone at that layer to changes in ozone at all layers. 

Smoothing error shows the difference between the retrieved profile and the true profile due to smoothing by 
the retrieval algorithm. 
We estimate smoothing error by using the following expression  [Rodgers, 2000] :  
   
Where I  is a unit matrix; AK is the averaging kernel matrix, which represents sensitivity of the retrieval to the 
true profile (figures 1 a-b); and TC is the covariance of the ensemble of the true states about the mean state, 
calculated as  
Where x - an independent high-resolution ozone profile measurements. We merged Aura MLS (version 3.3)  and 
sonde (ensemble of 49 sonde stations) mzm ozone profiles to estimate the ozone covariance.  
The smoothing effect should be taken into account when comparing SBUV ozone profiles  with high resolved 
ozone measurements. It might be done by convolving highly resolved profiles with the Averaging Kernels (or 
Integrating Kernels): 
 or by merging  together several layers with low DFS. 
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Merged SBUV version 8.6 data set 

Figure 7. Total ozone smoothing error as a 
function of latitude. 

The SBUV ozone profiles have been intensively validated against multiple satellite and ground-based profile 
measurements.  In the stratosphere between 25 and 1 hPa the mean biases and standard deviations are within 5% 
for monthly mean ozone profiles. Though the SBUV algorithm has a coarser vertical resolution in the lower 
stratosphere and troposphere, we found that the integrated ozone column between the surface and 25 hPa 
measured by SBUV agrees within 5% with the corresponding value obtained by ensemble of sonde measurements. 
The validation of SBUV total ozone retrievals versus ground based Dobson/Brewer observations demonstrated an 
excellent agreement. 

Figure 10. Time series of the Aura MLS 
seasonal anomalies (black lines), SBUV 
seasonal anomalies (red lines) along with the 
corresponding smoothing errors (shadowed 
areas indicate 2σ) and convolved MLS 
anomalies (dashed black lines) for several 
layers in the tropical low stratosphere.  

We have merged profile ozone measurements from multiple SBUV(/2) instruments without any 
adjustments of ozone amount to produce a Profile Merged Ozone Data Set (MOD Profile). Based on 
internal instrumental calibrations, analysis of retrieval algorithm and its errors, and external validation, 
we choose the most reliable data periods for the merged product. The merged SBUV data is a 
consistent, calibrated dataset of ozone profiles that can be used for climate studies and trend analyses. 
We use the MOD profile data set based on Ascending (afternoon) data only as our preliminary 
product. This eliminates potential effect of diurnal ozone variztions, as well as the data with the largest 
uncertainties (after passing through the terminator).  

Figure 15. Time series 
of fit to EESC (seasonal 
and annual average) 
after other terms 
removed using 
regression analysis. 
Bottom panel shows the 
final residual.  

Figure 11 Time series of MLS seasonal 
anomalies (black line) and SBUV seasonal 
anomalies (red line) along with the 
corresponding smoothing errors 
(shadowed areas indicate 2σ) for the 
combined layer between 250 and 16 hPa.  

Figure 12. Time series of differences of SBUV total 
ozone observations relative to ground-based Dobson 
& Brewer measurements.   

Figure 13. Mean differences of SBUV monthly zonal means, 
relative to coincident  UARS and Aura MLS monthly zonal 
means as a function of latitude for 7 layers between 25 and 
1 hPa. The right panel shows mean relative bias between 
50S and 50N as a function of altitude.  

Figure 14. Ratio of morning to afternoon ozone measurements as a function of 
altitude showing the diurnal cycle in ozone. Red line shows the ratio between 
morning and afternoon microwave measurements at Mauna Loa. While much 
smaller than the day to night ratio, inter-day variations can be several percent.  
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