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ABSTRACT 

 
The NASA Aura satellite houses four instruments to study atmospheric ozone.  The Ozone Monitoring 

Instrument (OMI) onboard the satellite provides global total column ozone (TCO) and in combination 

with other instruments tropospheric ozone residual (TOR) can be derived.  In this study, the trajectory-

enhanced tropospheric ozone residual (TTOR) product of Schoeberl et al. [2007] is compared with 

ground-based observations and ozonesonde soundings to investigate the discrepancies between the 

instruments on a day-to-day basis over Richland, Washington, and four other stations during the 

Intercontinental Transport Experiment-B (INTEX-B)/IONS-06 (INTEX Ozonesonde Network Study 2006) 

campaign.  Discrepancies between sonde and OMI observations are examined with statistical and 

meteorological tools.  Intercomparison of TCO among different instruments over Richland shows high 

correlation but systematic biases due to inaccurate instrument calibrations.  OMI TCO exhibits a 

persistent low bias over 10 DU in Richland and two other mid-latitude stations in spring 2006.  Days with 

low tropopause heights and overcast skies have significantly higher sonde-OMI discrepancies in Richland.  

Clear seasonal and geographical variations in the distribution of TOR differences are observed, but the 

underlying reasons are unclear.   Maps of tropospheric ozone and potential vorticity show higher 

uncertainty in TOR in regions with large 9ǊǘŜƭΩǎ ǇƻǘŜƴǘƛŀƭ ǾƻǊǘƛŎƛǘȅ όEPV) gradients.  An agglomerative 

hierarchical clustering is employed to categorize tropospheric ozone profiles to identify patterns that 

may cause differences in sonde and OMI values.  Clustering produces outliers of ozone profiles that 

represent special meteorological conditions, such as tropopause folds or presence of thick ozone-rich 

layers in the profiles, but offers few insights on sonde-OMI disagreements.    An extension of the study 

to other sites and seasons will allow us to make more robust analyses in sonde-OMI comparisons.  
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1 INTRODUCTION 

Ozone is a chemical compound that can do either harm or good depending on where it is located.  In the 

stratosphere, ozone shields living beings in the biosphere from harmful UV radiation, while an elevated 

level of ozone at the surface damages living organisms and causes respiratory diseases in human.  

Beside its effects on living things, ozone also has major impacts on climate through radiative forcing 

[WMO, 2006; IPCC/TEAP, 2005].  Since the Montreal Protocol in 1987, several countries have laws to 

control emissions of ozone depleting substances.  While ozone records indicate a continuing depletion in 

the stratosphere, the trend is expected to level-off [WMO, 2006].   On the other hand, tropospheric 

ozone has been increasing in the past decades [Ziemke et al., 2005].  Ozone monitoring is therefore 

important in both the stratosphere and the troposphere.   

The Ozone Monitoring Instrument (OMI) onboard the NASA Earth Observing System Aura satellite, 

launched in 15th July 2004, has been continuing the global ozone measurement of its predecessor, Earth 

Probe TOMS (Total Ozone Mapping Spectrometer).  OMI provides total column ozone (TCO, column 

ozone from surface to the top of the atmosphere) and tropospheric ozone residual (TOR, tropospheric 

ozone column derived with a satellite method) products.  While total column ozone has good accuracy 

[Ziemke et al., 2006], tropospheric ozone is difficult to measure due to a number of factors.  First, nadir-

viewing instruments, like OMI, are insensitive to ozone close to and below the tropopause.  Second, 

active dynamic processes in the upper troposphere/lower stratospheric (UT/LS) region render the 

measurement of tropospheric column ozone difficult.  Additionally, TOR is a difference between two 

larger quantities, TCO and the stratospheric column ozone (SCO), giving large uncertainty.  Finally, SCO 

and TCO are inferred from different instruments at different spatial resolutions.  The TOR product is 

created from the differences after spatial interpolation of the two data sets, resulting in large errors 

[Yang et al., 2007].  Many efforts have been attempted to improve the accuracy of TOR [Ziemke et al., 
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2006; Schoeberl et al., 2007] since its retrieval method was first proposed in 1986 [Fishman et al., 1986].  

In particular, the accuracy of SCO measurement can be improved using potential vorticity (PV) [e.g. Yang 

et al., 2007], chemical model assimilation, and trajectory-mapping to improve resolution of SCO 

interpolation.    

In this thesis, we use the trajectory-enhanced tropospheric ozone residual (TTOR) product of Schoeberl 

et al. [2007] and compare it with ground-based measurements to investigate the discrepancies between 

OMI, ozonesonde soundings, and ground-based observations on a day-to-day basis over Richland, 

Washington (46.2oN, 119.16oW) during the Intercontinental Transport Experiment-B (INTEX-B)/IONS-06 

(INTEX Ozonesonde Network Study) campaign [Thompson et al., 2007].  Earlier studies have conducted 

satellite validation on a larger temporal and regional scope.  A shorter time period and single site allow 

us to examine the discrepancies between ground-based and satellite-based measurements in greater 

details ǿƛǘƘ ŀǾŀƛƭŀōƭŜ ƳŜǘŜƻǊƻƭƻƎƛŎŀƭ Řŀǘŀ ǎǳŎƘ ŀǎ ōŀŎƪǘǊŀƧŜŎǘƻǊƛŜǎΣ 9ǊǘŜƭΩǎ ǇƻǘŜƴǘƛŀƭ ǾƻǊǘƛŎƛǘȅΣ ŀƴŘ ŎƭƻǳŘ 

imagery.  We further employ a simple cluster analysis to group ozone profiles at Richland and four other 

IONS-06 sites.  The categorization provides us with special patterns in the profiles that may aid in 

explaining the disagreement between sonde and Aura ozone data.   

1.1 Ozone Observations  
The four main types of ozone monitoring methods are ground-based, ozonesonde soundings, aircraft 

sampling, and satellite based.  With ground-based instruments and soundings, surface-level ozone and 

total column ozone can be measured accurately at a point.  Satellite monitoring, on the other hand, 

offers a global dynamic image of ozone distribution that is especially important in assessing climate 

change.   
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1.1.1 Satellite Remote Sensing of Ozone 

The most prevalent satellite ozone product is the TOMS ozone product which provides a continuous 

global ozone measurement since November 1978.  TOMS have been onboard five spacecrafts with the 

most recent one being the NASA Earth Observing System Aura Satellite.  Since its launch in July 2004, 

Aura OMI now provides the greatest spatially resolved ozone retrievals on a global scale.  The OMI total 

column ozone has been validated in previous studies [e.g. McPeters et al., 2007] and was found to be 

within ~1% of ground-based measurements.   

1.1.2 OMI and Total Ozone Algorithms  

The Ozone Monitoring Instrument (OMI) is a nadir-viewing instrument with a resolution of 13 km by 24 

km at nadir.  The instrument detects radiation in the UV and visible but only the longer UV wavelengths 

(306-380 nm) are used to derive total column ozone.  Aura has an equatorial crossing time at 1:45 pm 

[Schoeberl et al., 2008].   

Total column ozone is retrieved based on the NASA TOMS v8 algorithms [Bhartia, 2002] or the 

KNMI/Netherlands Differential Absorption Spectroscopy (DOAS) algorithm [Veefkind et al., 2006].  TOMS 

v8.5 is the latest released version of the TOMS algorithm, which is the most advanced algorithm to 

retrieve total column ozone based on SBUV (Solar Backscatter Ultraviolet).  In this study, TOMS v8 

algorithm is used.  Total column ozone is retrieved based on a stronger ozone absorbing wavelength 

(317.5 nm) and a weaker absorbing wavelength (331.2 nm).  The shorter wavelength is used to estimate 

ozone and the longer wavelength to estimate effective reflectivity or cloud fraction.  The algorithm has a 

forward model, called TOMRAD, to calculate top-of-the-atmosphere reflectances and an inverse model 

to retrieve total column ozone from the measured reflectances.    A set of 1512 a priori ozone profiles 

are used to make adjustments to the radiances in the inverse algorithm.  The OMI TOMS algorithm takes 
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into account special cases, such as aerosols, sea glint, and presence of sulfur dioxide, which can cause 

considerable errors.  The rms error of this algorithm is about 2% [Bhartia, 2002].   

The KNMI DOAS algorithm applies spectral-fitting, which is made ǇƻǎǎƛōƭŜ ǿƛǘƘ haLΩǎ ƘȅǇŜǊǎǇŜŎǘǊŀƭ 

ability [Veefkind et al., 2006].  The DOAS algorithm estimates the ozone vertical column density and 

ozone slant column density.  The algorithm consists of three steps.  First, the ozone absorption cross 

sections are fitted to the measured solar irradiance and earth radiance in a 5 nm wide fit window 

centered at 334.1 nm to give the slant column density.  Second, the slant column density is converted to 

the vertical column density using an air mass factor.  The last step involves correcting for cloud if a pixel 

is cloud-covered.  A guess of column ozone is put beneath the cloud pressure, determined by OMI O2-O2 

product, from TOMS v8 climatology.  The advantage of the DOAS algorithm over TOMS v8 is that it is 

less sensitive to UV absorbing aerosols.  The accuracy of this algorithm for total column ozone is about 

2-3%.   

For further details on the TOMS algorithm, refer to the OMI Algorithm Theoretical Basis Document 

(http://eospso.gsfc.nasa.gov/eos_homepage/for_scientists/atbd/docs/OMI/ATBD-OMI-02.pdf)   

Comparisons of TOMS and DOAS algorithms on TCO showed that DOAS-derived TCO has a larger offset 

relative to ground-based measurements than TOMS-derived TCO [e.g. McPeters et al., 2008; Balis et al., 

2007].   

1.1.3 Microwave Limb Sounder  

The Microwave Limb Sounder (MLS), also onboard Aura, measures stratospheric ozone with 1.5 km 

vertical by 3 km cross-track by 300 km along-track resolution at the limb tangent point (Figure 1) 

[Livesey et al., 2007].   But the horizontal resolution of the data product reduces to ~24.7o longitude by 

2o latitude globally because of large spacing between orbits, as shown in (Figure 2).   MLS takes 

measurement seven minutes before OMI [Schoeberl et al., 2007].  MLS detects microwave emission 

http://eospso.gsfc.nasa.gov/eos_homepage/for_scientists/atbd/docs/OMI/ATBD-OMI-02.pdf
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between 118 GHz and 2.5 THz.  In the region of 100 ς 215 hPa, the resolution is 3 km vertical and 200 

km along-track, with decreasing accuracy closer to the tropopause [Froidevaux et al., 2006].  

Comparison of MLS measurements with other instruments shows the accuracy of MLS ozone to be at 

least a few percent for stratospheric column ozone [Livesey et al., 2007; Jiang et al., 2007; Froidevaux et 

al., 2008], but up to 20% for ozone down to 215 hPa [Jiang et al., 2007].  The recent data version of MLS 

is v2.2 and the previous one is v1.5.  Figure 3 shows the comparisons of MLS v1.5, v2.2, and ozonesonde 

in the latitudes 20 ς 50N.  Differences between the measurements amplified at high altitudes and below 

100 hPa.  Agreement between measurements of v2.2 and ozonesonde is in general better than those 

between v1.5 and ozonesonde.  Data from both v1.5 and v2.2 are in the TOR product used in this study.   

 
Figure 1.  MLS measurement geometry.  The limb sounder orbit plane is the plane of the paper.  The tangent height of the 
line of sight is at 50 km.  The limb tangent point is at zero distance on the line of sight.  (Source: Waters et al., 2004)  
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Figure 2.  MLS tracks on the globe of a single day.  Each cross represents a tangent point of a limb scan.  (Source: Waters et 
al., 2004) 

 

Figure 3. Comparisons of MLS v2.2, v1.5 ozone, and ozonesonde measurements between latitude 20 and 50 N.  Solid circle 
represents the averaged percentage differences ((MLS-Sonde)/Sonde * 100%) between MLS v2.2 and ozonesondes, and solid 
triangle represents the percentage differences between MLS v1.5 and ozonesondes.  Dashed lines show the standard 
deviation of the differences (%) between v2.2 and ozonesondes.  Source: Jiang et al, [2007]   
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1.1.4 Tropospheric Ozone Residual  Methods 

Tropospheric ozone residual (TOR) is derived by subtracting the Aura MLS SCO (stratospheric column 

ozone) from the OMI TCO.  To derive reliable estimates of TOR, the larger quantities τTCO and SCOτ

need to be accurately measured.  Though TCO has been found to have excellent agreement with other 

observations, MLS errors have been much larger, and the error carry over to the TOR leads to large 

percentage errors in TOR.   

Types of improvement for TOR product 

Three major approaches were used to improve the poor resolution of the MLS SCO data, which is a 

major source of error in the TOR product [Yang et al., 2007].  First, potential vorticity and geopotential 

height correlate well with ozone mixing ratio and these two quantities are used to fill in gaps in the MLS 

data [Yang et al., 2007].  Second, chemical models are used to assimilate MLS data, though model 

improvement is required to correct observed biases to produce more accurate tropospheric ozone 

products [Stajner et al., 2008].  And third, trajectories are used to move MLS measurements forward or 

backward in time to minimize interpolation errors in MLS [Schoeberl et al., 2007].  The tropospheric 

ozone product used in this study employs the latter approach to improve the TOR data accuracy.   

1.2 Cluster Analysis  
Clustering is a statistical technique for data exploration widely used in science.  It allows categorization 

of a large amount of data conveniently based on one or more variables while case studies of data 

subsets require intensive labor and time.  In atmospheric science, one of the applications is the 

clustering of air masses in synoptic meteorology [e.g. Kalkstein, Tan, and Skindlov, 1987].  Cluster 

analysis was recently used to classify ozone profiles over Johannesburg of which meaningful groups of 

profiles were identified [Diab et al., 2003] and in Japan where clusters of winter and summer patterns 

were identified [Yonemura et al., 2007].  For our purpose, we apply cluster analysis on ozone profiles 
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during the IONS-06 campaign.  Through a simple cluster analysis of ozone profiles limited to the 

troposphere, we aim to (1) identify groups of clusters with meaningful characteristics, and (2) compare 

cluster groups with satellite measurements to identify systematic errors in the satellite-retrieved TOR 

and deduce the underlying factor for these errors.    

1.3 Goals 
 

There have been continuing developments in satellite tropospheric column ozone retrieval for over a 

decade, but considerable biases still exist in the tropospheric ozone residual.  The focus of this thesis is 

to explore the discrepancies between OMI TTOR, ground-based retrievals of total column ozone, and 

ozonesonde soundings at Richland, WA, and four other IONS-06 stations.  We focus on April and May 

2006 at Richland and compare data in spring and summer 2006 at other sites. With our smaller focus on 

five sites and a shorter time period, we explore the discrepancies carefully through intercomparison of 

measurement and with other available meteorological data, such as EPV, cloud imagery, and 

backtrajectory analysis.   

The Department of Meteorology NATIVE (Nittany Atmospheric Trailer and Integrated Validation 

Experiment, http://ozone.met.psu.edu/Native/index.htm) facility, a mobile atmospheric chemistry 

measurement facility, was deployed in Richland, WA, in our study period.  Richland, WA, located in the 

northwest United States, experiences frequent dynamic processes, especially in springtime.  The NATIVE 

facility is equipped with instruments specifically for column ozone measurement.  Two ground-based 

instruments, a Microtops ozonometer and a UV-MFRSR (Ultraviolet Multifilter Rotating Shadowbnad 

Radiometer, hereafter referred to as shadowband radiometer), and ozonesondes make measurements 

close to the time of Aura satellite overpasses, so intercomparison of total column ozone can be made.   

http://ozone.met.psu.edu/Native/index.htm
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Besides Richland, WA, we also compare ozonesonde measurements and satellite-retrieved TTOR at four 

IONS-06 stations: Kelowna (Canada)Σ .ǊŀǘǘΩǎ [ŀƪŜ (Canada), Trinidad Head, CA, and Houston, TX, for 

spring and summer 2006.  We can assess whether discrepancies between the instruments are universal 

or vary with locations.   
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2 DATA & METHODS  

In this chapter we describe the study sites, instruments and satellite products, and methods used in this 

work.   

2.1 Site: Richland  

Richland (46.2oN, 119.16oW), is a city in southeastern Washington (Figure 4).  The terrain is flat and the 

climate is dry.  Average total precipitation is 0.49 inches in April and 0.57 inches in May from 1948 

through 2005 (monthly climate summary is available at http://www.wrcc.dri.edu/cgi-

bin/cliMAIN.pl?warich).  The site was chosen because of its low cloudiness compared with Seattle and 

Pullman where aircrafts in the INTEX-B campaign were based at.   

 

Figure 4.  Map of Richland and the state of Washington.  Richland is located between Seattle and Pullman (Image from 
Google Earth).   
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2.2 Instrumentati on 

2.2.1 Ultraviolet Multifilter Rotating Shadowband Radiometer  

The Yankee Environmental Systems (YES) Ultraviolet Multifilter Rotating Shadowband radiometer 

(UVMFR-7) measures direct and diffuse radiance at 2-nm FWHM centered on wavelength at 300.0, 

305.5, 311.5, 317.5, 325.0, 332.5, and 368.0 nm.  Atmospheric ozone content is retrieved based on the 

absorption efficiencies at the different channels. To obtain total column ozone, a double-wavelength 

radiative transfer formula is used [Gao et al., 2001].  The Solar Light Microtops II Ozonometer uses five 

UV channels to measure total column ozone.  The instrument gives total column ozone and aerosol 

optical depth.  A Cimel Electronique sun photometer model CE -318N was operated as part of the 

Aerosol Robotic Network (AERONET) [Holben et al., 1998] for the duration of the campaign.  The CE-

318N measured direct solar radiance at eight discrete wavelengths (340, 380, 440, 500, 670, 870, 940, 

and 1020 nm).  The measurements are used to derive the aerosol optical depth (AOD) that aid in 

obtaining the parameters for the shadowband radiometer as discuss in the next section.   

2.2.2 Obtaining Total Column Ozone from the Shadowband Radiometer  

Total column ozone can be retrieved with the shadowband radiometer using the direct-sun method 

which is also used in Dobson spectrometers.  In this section we outline the direct-sun method and how 

the different parameters are obtained for this method.  We also discuss the difficulties in relation to 

deriving total column ozone from the shadowband radiometer.   

2.2.2.1 Workings behind the shadowband radiometer  

The UVMFRSR-7 was sent to the manufacturer YES for calibration in December 2005 prior to the 

campaign.  Calibration is crucial for the accuracy of radiances obtained from the radiometer due to 

changes with time in the filters in the instrument.  Calibration coefficients are used to convert raw 

voltages recorded by the radiometer into solar irradiance, which is the geophysical quantity of interest 

when doing radiative transfer analyses.   
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Our main purpose with the shadowband radiometer is to obtain total column ozone similar to the 

traditional Dobson spectrometer technique.  Total column ozone can be retrieved based on the 

differential ozone absorption of UV radiation at different wavelengths.  The radiometer measures the 

total and diffuse irradiances at the surface over seven UV wavebands.  The direct irradiance is the total 

irradiance minus the diffuse irradiance.  For a clear day, the irradiances look like those in Figure 5.  A 

simple radiative transfer equation describes the basics of this type of ground-based remote sensing 

instrument measurement: 

     Ὅ= ὍέὩ
†ά      (1) 

where I is the direct solar irradiance at the surface, Io is the irradiance at the top of the atmosphere, Ű is 

the total optical depth due to ozone absorption, aerosol scattering, and molecular scattering, and m is 

the air mass.  I is measured as raw voltages by the radiometer.  Io is derived from Langley analysis (see 

below).  The air mass (m) is determined from the solar zenith angle (SZA).  The optical depth is obtained 

by inversion of equation 1.  To extract the ozone optical depth, optical depths due to molecular 

scattering and aerosol scattering are first removed.  The equation for the optical depth due to molecular 

scattering is well established: 

†ὙὥώὰὩὭὫὬ= 0.008569‗4 1 + 0.0113‗2 + 0.00013‗4 ὖ/ὖέ   (2) 

where ɚ is the wavelength in micrometers, P is the surface pressure and Po is the standard sea level 

pressure (1013 mb) [Hansen and Travis, 1974].   

The contribution of aerosol scattering will be neglected as we describe in equation 4.   
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Figure 5.  Total (yellow), diffuse (green), and direct (blue) solar irradiance at 323.7 nm measured by the MFRSR on 14
th

 May, 
2006 in Richland, WA.  Grey line shows the solar zenith angle during the course of the day.   

There have been different ways in published studies for computing total column ozone.  One method is 

based on the best quadratic fit of aerosol optical depth versus wavelength [King and Byrne, 1976].  In 

this method, total optical depth is first obtained from Langley analysis (see below).  Then molecular 

optical depth and climatological ozone content are removed from the total optical depth.  The resulting 

guess of aerosol optical depth is plotted against wavelength and fitted with a quadratic equation as 

aerosol depth has a dependence on wavelength.  The quadratic equation is in the form  

ln †= ὥ+ ὦln‗+ ὧ[ln(‗)]2,      (3) 

where ɚ is wavelength and a, b, c are constants of the quadratic fit. 

Ozone content is altered until optimal ozone content produces the best fit for aerosol optical depth 

versus wavelength.  Then the final ozone content is taken as the estimate of total column ozone.   
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The most common and straight-forward way is to use voltages from two double-wavelength pairs to 

calculate the ozone content with a direct-sun formula [e.g. Gao et. al., 2001].  The formula does not 

account for extinction from aerosol as it assumes a linear dependence in aerosol optical depth along the 

two wavelength pairs.   

The total column ozone ɋ can be obtained as follows:  

  Џ=
ln
ὠέ(ὥ)

ὠέ(ὥᴂ)
ln
ὠ(ὥ)

ὠ(ὥᴂ)
ln
ὠέ(ὦ)

ὠέ(ὦᴂ)
ln
ὠ(ὦ)

ὠ(ὦᴂ)
‍ ‍ᴂὥ ‍ ‍ᴂὦά ὖ/ὖέ

‌ ‌ᴂὥ ‌ ‌ᴂὦ‘
× 103,  (4) 

where  

 a = first wavelength of the first wavelength pair, 

 aΩҐ ǎŜŎƻƴŘ ǿŀǾŜƭŜƴƎǘƘ ƻŦ ǘƘŜ ŦƛǊǎǘ ǿŀǾŜƭŜƴƎǘƘ ǇŀƛǊ, 

 b= first wavelength of the second wavelength pair, 

 ōΩ= second wavelength of the second wavelength pair, 

 Vo= top of atmosphere raw voltage, 

 V= raw voltages measured at a certain wavelength, 

 Ŭ=ozone absorption coefficient at the specific wavelength , 

             ɓ=molecular optical depth, 

 m= air mass based on solar zenith angle, 

 P/Po= station pressure to sea level pressure, 

and ‘=
Ὑ+Ὤ

Ὑ+Ὤ2 Ὑ+ὶ2ίὭὲ2ὤ1/ 2, 

where R is the mean earth radius (6371.229 km), r is the elevation of the station in km(Richland is at 

0.123 km above MSL), h is the height of the ozone layer over the station in km (determined from the 

ozonesonde profile), and Z is the solar zenith angle.   

Langley Analysis 

The top of atmosphere (TOA) raw voltage (Vo) for each wavelength channel is estimated through Langley 

analysis.  Figure 6 shows a graph upon which Langley analysis is based.  When the measured voltages of 

a certain channel for morning or afternoon periods are plotted against air mass, the TOA voltage can be 

obtained through extrapolation to zero air mass.  The choice of data points to include in the regression is 

based on the algorithm described in the work of Harrison and Michalsky [1994], which is included in the 

program that comes with the instrument.  Difficulties arise from the Langley analysis as this method 
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requires clear and stable atmospheric conditions and a long time series to get a reliable estimate for Vo.  

The sample figure shows one of the best periods we had during the campaign.  Nonetheless, toward 

larger air mass (i.e. large SZA) scatter in the measured voltages (V) becomes more serious.  As our 

Richland campaign was less than a month, Vo estimated from a few clear days varied a lot and we could 

only settle on the average of the best few days.   

 

Figure 6.  Langley analysis for the morning period on 4th May 2006 over Richland at 310.7nm.  Crosses are data points used 
in the regression and squares represent data points excluded from the regression.  ln(I0) can be extrapolated to zero air mass 
to yield the irradiance at the top of the atmosphere.  The slope of the line is the total optical depth for the particular time 
period.  The quality of the analysis is best on clear and stable days.   

To choose the best days to use in our averaging, we look at the curves of the solar irradiance (Figure 5), 

the total sky images [Long et al., 2006], and the aerosol optical depth from AERONET [Holben, 1998].  

Figure 7 shows how aerosol optical depth varies over Richland during the course of a day.  Since 
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UVMFRSR measurements for a Langley analysis are assumed to be taken in steady atmospheric 

conditions, large changes in aerosol levels will affect estimation of Vo.   Unfortunately, only about 3 days 

during our campaign had relatively constant aerosol levels.  To assess how estimated VoΩǎ ŀŦŦŜŎǘ ǘƘŜ ǘƻǘŀƭ 

column ozone retrieval from the MFRSR, we conducted a set of sensitivity analysis to investigate how 

important the accuracy of VoΩǎ is to the retrieval.  Finally, we settled on a set of VoΩǎ, which are then 

converted to So (solar irradiance at 1 AU in mV) to account for changing solar-earth distances.  The set of 

SoΩǎ used in our analysis is shown in Table 1.   

Various sets of ozone absorption coefficients were tested in the UVMFRSR retrieval, and the resulting 

total column ozone (TCO) ranged over 30 DU.  We adopted the Bass and Paur [1985] coefficients as they 

are recommended by WMO in 1992 and they are considered a standard set for use in Dobson 

spectrophotometers [Komhyr et al., 1993].  We attempted to retrieve total column ozone for every day 

during the campaign when there existed a period with clear sky.  Clear periods were selected by 

inspection of the solar plots like those in Figure 5.  We analyzed clear sky retrievals close to ozonesonde 

launch times, or to satellite overpass time (near 2 pm) if the ozonesonde launch time is late in the 

afternoon.  For cloudy days, we examined the solar plots closely to see if there were any clear sky 

periods, skipping the day if it was overcast.  The TCO value is calculated as the average of five three-

minute averages consecutive in time of a given day.   

The method of calculating TCO was applied to a data set from Mauna Loa to check the validity of the 

algorithm (http://uvb.nrel.colostate.edu).  The TCO values all matched with the published values and 

confirm that our application of the algorithm is correct, leading us to conclude that retrieval errors for 

Richland, WA, arose from inaccurate VoΩǎΦ     
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Figure 7 . Aerosol optical depth at 340 nm and 380 nm on 9
th

 May, 2006 over Richland, WA.   

 
Table 1. Solar irradiance at 1 AU (astronomical unit) used for the UVMFR-SR channels. 

Wavelength (nm) S0 (mV) 

299.0 42433 

304.6 28363 

310.7 3177.5 

316.8 1733.7 

323.7 1939.0 

331.7 1407.8 

367.2 1675.1 

 

2.2.3 Microtops Sunphotometer  

The Solar Light Company Microtops II sunphotometer was used to obtain total column ozone 

conveniently.  The instrument, once calibrated, provides total column ozone by simply pointing the 

handheld instrument to the sun.  The precision of the instrument is 1-2% [Morys et al., 2001].  The 

underlying algorithm is similar to that applied to the shadowband radiometer data.  A two-channel 

version of equation 4 is used in the retrieval algorithm supplied by the manufacturer.  Details of the 

instrument and retrieval algorithm can be found in Morys et al. [2001].  The ozone absorption 

coefficients in the retrieval were the Molina and Molina [1986] coefficients.   
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2.2.4 AURA Ozone Product 

The TOR product we used is the trajectory enhanced tropospheric ozone residual (TTOR) v1.3 detailed in 

Schoeberl et al. [2007].  Because of the poor horizontal resolution MLS provides, three-day back and 

four-day forward trajectories are employed to improve the global resolution of the TTOR product.  

Measurements from MLS are moved forward or backward in time with trajectories between the 

pressure levels 215 hPa to 10 hPa.  Above that pressure level, linear interpolation is used on the MLS 

data.  The meteorological fields for the trajectory calculations are fromGEOS-4 before 15th July 2007 and 

GEOS-5 after that date.  Schoeberl et al. [2007] showed that the TTOR improved agreement relative to 

ozonesonde measurements compared with the TOR product without trajectory enhancement in the 

work of Ziemke et al. [2006].  Schoeberl et al.Ωǎ [2007] TTOR product is given as a daily global product of 

1o latitude by 1.5o longitude in the NetCDF format. Total column ozone (TOMS v8), column ozone up to 

200 mb, and column ozone up to tropopause heights derived based on thermal and dynamic definitions 

are in the data product.  Dynamic definitions refer to the |3.5|PVU surface and the thermal definition 

refers to the altitude where the lapse rate falls below 2 K km-1.   

The TTOR product had quality flags attached to each day.  Flagged data, usually because of high 

reflectivity or low tropopause, were removed.  On a couple of days, the TTOR columns appeared to be 

unreasonably low and were removed manually.   

OMI overpass data over Richland were also available in the TOMS v8.5 and DOAS algorithms.  The 

overpass time of the satellite during the campaign period is at about 1 ς 2 pm (LTC).  Most days have 

two overpasses within two hours of each other and the ozone amounts were either averaged or the 

better retrieval period (smaller SZA, lower cloud fraction) was used.   
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2.2.5 Ozonesondes 

En-Sci electrochemical concentration cell (ECC) ozonesondes [Komhyr, 1969] (0.5% buffered KI solution) 

were launched with Vaisala RS-80 radiosonde P-T-U (pressure-temperature-humidity) sounding systems 

on a daily basis during the campaign in Richland.  The time of the launches were around 2 pm LTC, which 

is around the AURA overpass time over Richland.  Temperature, relative humidity, and ozone mixing 

ratio were recorded every 1.2 seconds during the launch.  The ECC ozonesonde has an effective vertical 

resolution of about 100 m [Thompson et al., 2007b] and an accuracy of about ±5% up to 35 km and 

about ±(3-4%) in the troposphere [Smit et al., 2007].  Total column ozone is obtained by integrating the 

profiles up to a pressure level of 7 mb (~35 km), or to the balloon burst height if it is lower, and adding 

climatological ozone from satellite SBUV (solar backscattered UV) above that level [Thompson et al., 

2007a], as illustrated in Figure 8.  The climatological ozone amount comes from the measurements by 

SBUV on the Nimbus 7 satellite during 1979 ς 1990 [McPeters et al., 1997].  The climatology is presented 

by month and in 10o latitude zones around the globe.  At Richland, the climatological ozone amount 

from 7 mb to the TOA is 33.0 DU in April and 31.8 DU in May.  The total column ozone from sonde with 

the SBUV climatological ozone added has an uncertainty of 5% [Thompson et al., 2003].   
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Figure 8.  Ozonesonde profile for 24
th

 April, 2006 over Richland, along with the SBUV climatological value from 10 mb up to 1 
mb (blue).  The 7 mb pressure level is the usual height above which climatological SBUV value is added.   

Sonde estimates of TOR are obtained by integrating the O3 profile from the surface to the tropopause 

height and to the 200mb pressure level.  The formula to convert from ozone mixing ratio in ppmv into 

Dobson unit is: 

ὕᾀέὲὩ Ὥὲ ὈὟ ὦὩὸύὩὩὲ ὸύέ άὩὥίόὶὩάὩὲὸ ὴέὭὲὸί=  
…ὴὴά ὖz[άὦ] 2z6.93 Ўzᾀ

Ὕ[ὑ]
,  (5) 

where  ̝ is ozone mixing ratio in ppmv, P is pressure at the measurement level, ȹz is the height 

difference between the two measurement points in kilometers, and T is temperature in Kelvin.   
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Ozone amount in an ozone-rich or ozone-deficient layer is evaluated by integrating the ozone content 

within the layer and compared with the ozone content if the layer is absent.  The ozone amount within 

the layer was calculated with equation 5 between the estimated bottom and top of the layer, 

determined by visual inspection on an ozonesonde profile (see Figure 12).  The background ozone 

content of the layer was computed with equation 5  by assuming the ozone mixing ratio between the 

two height levels are the average of the mixing ratios at the bottom and top of the layer.    

2.2.5.1 Tropopause Height Calculation  

Tropopause height estimation was done separately by analyzing the ozonesonde profile.  Details of this 

ΨƻȊƻƴŜ ƎǊŀŘƛŜƴǘ ƳŜǘƘƻŘΩ are in the work of Dougherty [2008].  The method involves locating a persistent 

near-zero slope in the ozone mixing ratio profile (altitude vs. ozone mixing ratio) with a sliding window 

of 0.5 km.  The height is set as the average of the bounds of the sliding window when the largest 

difference in ozone mixing ratio is found in the window or the ozone mixing ratio at the lower bound is 

greater than 170 ppbv.   

2.3 Trajectories  

The HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) model [Draxler, 1997; Draxler and 

Rolph, 2003] was used to calculate the back trajectories of air parcels passing the study site.  The model 

was run with NCEP (National Center for Environmental Prediction) EDAS (Eta Data Assimilation System) 

archive data on the NOAA (National Oceanic and Atmospheric Administration) READY system [Rolph, 

2003].  The EDAS archive contains three-hourly meteorological fields interpolated to a 40-km grid set.  

The trajectories were run at 2,000, 4,000, and 6,000 meters above mean sea level.   
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2.4 Cluster Analysis  

We explored the possibility of using cluster analysis to identify patterns in the ozonesonde profiles 

within the troposphere that may suggest causes for the discrepancy in tropospheric column ozone 

between ozonesonde and Aura.   

2.4.1 IONS-06 Stations  

We focused on five other sites during the IONS-06 campaign 

(http://croc.gsfc.nasa.gov/intexb/ions06.html).  The map of the site locations is in Figure 9 and the site 

information is presented in Table 2.  These stations were chosen because they had more sonde launches 

than other IONS sites.   Details of sonde launches are described in the works of Thompson et al. [2007a] 

and Thompson et al. [2008].   

 
Figure 9.  Map of stations used in the cluster analysis.   

Table 2.  Site information used in cluster analysis 

Site Coordinates Elevation (m) Time periods 

Richland, Washington 46.200N, 119.160W 123 Spring 2006 

Beltsville, Maryland 39.040N, 76.520W 24.4 Summers 2004 ς 2007 

.ǊŀǘǘΩǎ [ŀƪŜΣ Saskatchewan 50.200N, 104.700W 580 Spring and August 2006 

Houston, Texas 29.72oN, 95.300W 19 March and August 2006 

Kelowna, British Columbia 49.930N, 119.400W 456 Spring and August 2006 

Trinidad Head, California 40.800N, 124.150W 107 Spring and August 2006 
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2.4.2 Clustering Method  

There are many variations with cluster analysis.  Several variations in clustering procedures, including 

distance definition, linkage methods, resolution of profiles, and number of clusters, were explored 

before a standard procedure was chosen to be used on all our data.   

Our clustering procedure involves using hierarchical methods with Euclidean distance and average 

linkage.  According to Wilks [2006], average linkage defines the distance between groups as the average 

distance between all paired points in the two groups.  This linkage method generally produces large 

clusters with some small clusters as outliers.  The ozone profiles are cut off at a height of either 10 km or 

15 km, depending on the season and site, to focus on the tropospheric portion.  Ozone mixing ratio data 

recorded were put into equally-divided bins according to altitude and the data were averaged in each 

bin.  The input to the cluster analysis was the averaged ozone mixing ratio profiles for a specific site.  

The cluster procedure was applied and the number of clusters was determined after inspection of the 

dendrogram (Figure 10).  To avoid losing statistics of a cluster when allowing too many clusters, three to 

six clusters were chosen depending on the site.   

Cluster analyses were conducted for profiles for each season and site, as our focus is not to identify a 

seasonal pattern but site-specific special cases.  Clusters were compared with results of ozone budgets, 

which provide the information on the sources of ozone of an ozone profile, to determine if a cluster 

provides information on the origins of ozone layers within the troposphere (Beltsville only).  

Comparisons between Aura OMI and sonde ozone measurements, similar to the approach for the 

Richland campaign, were done for each site.   
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Figure 10.  A dendrogram for clustering of the ozonesonde profiles in Richland.  The dotted line shows the cut off where four 
clusters are chosen.   

 

  


