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Abstract

In situ ozonesonde measurements from the IONS-06 (NASA’s INTEX [Interconti-
nental Chemical Transport Experiment] Ozonesonde Network Study) 2006 inten-
sive field campaign are compared with two estimates of ozone derived from Aura
satellite retrievals taken daily in the same period (April-May 2006). The domain
of validation is northwest North America, where gradients in column ozone can
present technical challenges to precise ozone measurement. One estimate is based
on mapping stratospheric ozone to forward trajectories for global coverage, then
subtracting integrated stratospheric column ozone from the total column ozone to
derive tropospheric column ozone. The other technique uses total column ozone
and stratospheric profiles in an assimilation into a chemical-transport model that
provides three-dimensional ozone fields. Although both retrieval techniques ap-
proximate variability observed in day-to-day in-situ measurements, it is found that
the assimilation yielded tropospheric ozone column values 1.9% less than ozoneson-
des, and tropospheric ozone residual tropospheric ozone columns were 15.7% less
than ozonesondes. Additionally, profiles from the assimilation method showed per-
sistent high bias from 300 to 200 hPa, that partially cancelled with negative biases
in the lower troposphere, so apparent elevated accuracy of the assimilation method
is to some degree a consequence of compensating errors within the troposphere.
Finally, cases are examined to better understand potential factors that may be the
performance of the assimilation, especially with regards to meteorological condi-
tions. Analysis of cases suggest that some errors in the upper troposphere are due
to complex synoptic conditions, but not all error can be explained by dynamics.
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Chapter 1

Introduction

1.1 Importance of Atmospheric Ozone

Because atmospheric ozone can have a great impact on quality of life, it is im-

portant that it be studied and understood. Ninety percent of all the ozone in the

atmosphere is found in the stratosphere, where it absorbs much of the ultraviolet

radiation at wavelengths below 290 nm. Most prevalent in the stratosphere, ozone

at all levels absorbs harmful ultraviolet radiation (Fig. 1.1). Although ozone in

the troposphere can have a slight warming effect, it can also attack the lungs of

humans and animals, and can have deleterious effects on plants which can impact

agricultural economics (Fiscus et al., 2005).

Atmospheric ozone has been studied since the late 1800’s, but the ability to

understand the distribution of ozone increased greatly after G.M.B. Dobson de-

signed an improved ultraviolet (UV) spectrometer which allowed determination

of total column ozone from the ground (Dobson, 1931). This instrument worked

by measuring differential absorption of ultraviolet light between strong and weak

bands to determine the total amount of ozone between the sensor and the sun.

Dobson (1968) notes that this system offered increased durability, accuracy, and

simplicity over previous differential absorption methods such as the Féry spec-

trograph. By 1968, over 100 of these spectrometers had been produced. Today,

Dobson Spectrometers still provide very accurate validation for satellite derived

total ozone column amounts, although in many places, they are being replaced by

the more advanced Brewer spectrometer.
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Figure 1.1. In-situ ozone profiles (solid red line) and satellite retrieval (dashed blue
line) Note elevated ozone concentrations in the stratosphere and lower concentrations in
the troposphere.

Gotz et al. (1934) noted that the surprising increase in the ratio in intensities of

zenith radiation (at the two wavelengths used in the Dobson spectrometer) when

the sun was at low angles. This happened because at low sun angles, sunlight

scattered in the high stratosphere dominated the radiation recieved by the detector.

This “turning back” (umkehr means ‘to turn back’ in German) of the relative

absorption curve allowed average ozone height in the atmosphere to be estimated

(Gotz et al., 1934). Further improvements in ozone knowledge and computing

power would eventually allow this method to be used for determination of ozone

profiles (Dobson, 1968). While this technique is useful for depletion studies, it is

not suitable for measurement of tropospheric ozone because only 10% of ozone is

in the troposphere. (Fig. 1.1).

In the 1960s Brewer and Milford (1960) pioneered the development of the

ozonesonde, a device that chemically measures ozone in-situ. Generally launched
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with a radiosonde for telemetry, and pressure and humidity measurements, ozone

retrievals up to the middle stratosphere are possible. Komhyr (1969) and oth-

ers developed the Electrochemical Concentration Cell (ECC) ozonesonde, which

improved upon the Brewer-Milford technique, and is commonly used in many lo-

cations around the world today, including the sites that will be examined in this

thesis.

Because ozonesondes and Dobson spectrometers have been in use for decades,

significant time series exist at two US sites since the 1970s, as well as at several

other stations around the world. Table 1.1 lists several locations where total col-

umn ozone and ozone profiles have been measured since the 1970’s. A full listing

of most ozone monitoring sites can be found at the World Ozone and Ultraviolet

Data Center, www.woudc.org. These sites do not represent full global coverage,

e.g. only four North America locations have long time-series data available, and

the remainder are biased toward the Northern Hemisphere by approximately a

three to one ratio.

Table 1.1. Locations of several long-term ozone monitoring sites

Scientists would have to wait for the launch of the Nimbus satellite in 1970 for

long-term global ozone column measurements. Sensors on Nimbus had the capa-

bility to measure total column ozone values, from space, via differential absorption



4

of ultraviolet light using a method similar to the Dobson and Brewer spectrome-

ters. This provided global ozone data, and similar measurements have now been

made for the past 40 years. As a result, scientists have a long term record of total

column ozone(Fig. 1.2, which offers a consistent calibration because subsequent

ozone satellites (Nimbus-7, EarthProbe, and Aura) also carried instruments that

could make the same measurements.

In the late 1970s, the Stratospheric Aerosols and Gases Experiment(SAGE)

satellite allowed remote sensing of stratospheric ozone profiles. SAGE (Mccormick

et al., 1979) was a solar occultation satellite that used changes in solar spectra as

the sun set to measure stratospheric ozone. Fishman et al. (1990) subtracted SAGE

stratospheric column ozone from Total Ozone Mapping Spectrometer (TOMS) to-

tal column ozone to estimate the tropospheric ozone from space. This was the

first satellite measurement of tropospheric ozone, called the Tropospheric Ozone

Residual (TOR), but it was limited to multi-month climatologies due to the rel-

atively few number of SAGE profiles (Fishman and Brackett, 1997), and because

stratospheric measurements did not resolve the tropopause well. Twenty-year TOR

amounts can be seen in Fig. 1.3. The frequency of tropospheric ozone residuals

has been improved by incorporating limb sounding measurements from the Mi-

crowave Limb Sounder (MLS) and Ozone Monitoring Instrument (OMI) onboard

NASA’s AURA satellite because they are on the same platform retrieving daily

images. Nonetheless, this method has several difficulties retrieving tropospheric

ozone. For example, MLS retrieves one profile every 165 km along the suborbital

track (Waters et al., 2006). This covers much less of the earth’s surface than OMI,

which has a swath width of 2600 km and a resolution of 13 by 28 kilometers(Levelt

et al., 2006). To solve this problem, stratospheric data is typically time-aggregated,

usually by mapping it to atmospheric variables that are better resolved over the

earth’s surface (Schoeberl et al., 2007).

Data assimilation takes the tropospheric ozone residual method one step further

by using satellite measurements to improve the output of models. This method

offers an improvement over ozone residual measurements because it includes effects

of cloud transport and ozone photochemistry (Stajner et al., 2008). It is limited

by the ability of models to resolve atmospheric features, especially in the upper

troposphere and lower stratosphere. Nevertheless, Schoeberl et al. (2007) note that
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“Full 3-d chemical assimilation is probably the ultimate solution since modern as-

similation techniques better handle meteorological and instrument uncertainties.”

1.2 Outline

The goal of this study is to examine the performance of modern ozone residual

and data assimilation methods for quantifying tropospheric ozone abundances.

Before beginning the analysis, we examine the Aura satellite and its instruments, as

well the techniques behind the Trajectory-Enhanced Tropospheric Ozone Residual

(Schoeberl et al., 2007) and an assimilation of AURA data into GEOS-4 (Stajner

et al., 2008). We look deeper into the advantages and limitations of each of these

methods by comparing tropospheric ozone from the assimilation and residual to

in-situ measurements from ozonesondes. We present a statistical picture of the

performance of both data products.

To better charactarize the performance of data assimilation in retrieving ozone

profiles, we also compare profile retrievals from this method to those from ozoneson-

des. Profile differences allow for examination of the factors contributing to inac-

curacies in data assimilated tropospheric ozone, and also aid in identification of

altitudes where the assimilation has particular difficulty estimating atmospheric

ozone.

To illustrate retrieval method difficulties, we consider three case studies. Two

cases consist of periods when significant errors in tropospheric ozone cause erro-

neous upper troposphere ozone estimates in the satellite-derived data products,

and the third is a day when the assimilation has an accurate retrieval of ozone up

to the top of the troposphere. Analysis of these case studies allow us to examine

the link between dynamic conditions and significant errors in both of the satellite

data products.

These three case studies will present a picture of how both satellite-derived

ozone data products perform in the Pacific Northwest during a complicated dy-

namical regime in springtime. This aids in determining the value of these new data

products for scientific use.
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Figure 1.2. TOMS time series shows continuity over four satellites and over thirty
years of nearly continuous records. Comparisons are with an ensemble of 30 Northern
Hemisphere Dobson Spectrometer stations (McPeters et al., 2008).
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Figure 1.3. Time-series of annually averaged tropospheric ozone residuals over India,
shown in black compared with sea surface temperature anomalies in the Western Pacific
(a proxy for ENSO), shown in red (Fishman et al., 2005).



Chapter 2

Datasets and Methodology

2.1 Aura Datasets

This study examines data derived from the Aura satellite. Launched on July

15, 2004, Aura orbits at a height of 705 km, and has an orbital period of 98.8

minutes. It is a sun synchronous, polar-orbiting satellite, which means that it has

a fixed position relative to the sun, crossing the equator at 1:45 PM local time

on its ascending node as it circles the Earth 14 times per day (Levelt et al., 2006;

Waters et al., 2006). It is one of five NASA satellites that fly in formation in

what is referred to as the “A-Train”, making complementary measurements of the

Earth’s atmospheric composition. There are four instruments onboard Aura: the

Ozone Monitoring Instrument (OMI), the Microwave Limb Sounder (MLS), the

Tropospheric Emission Spectrometer (TES), and the High Resolution Dynamic

Limb Sounder (HRDLS). The data in this thesis are based upon measurements by

the OMI and MLS.

OMI was designed to measure important trace gases, including ozone, with a

small footprint and daily global coverage. OMI’s nadir pointing telescope (Fig. 2.1)

has a 13 km by 28 km footprint, and swath width of of each scan is 2600 km which

allows daily global coverage. The three measurement channels cover a range 270 to

500 nm with a spectral resolution of around 0.5 nm. OMI data are calibrated once

per day by solar observation. Additional details about instrument performance

and operation can be found in Levelt et al. (2006).

Data from OMI is used in two algorithms to obtain total column ozone: Ver-
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sion 8 of the Total Ozone Mapping Spectrometer (TOMS) algorithm and Differ-

ential Optical Absorption Spectroscopy (DOAS). Because various versions of the

TOMS algorithm have been used since the 1970s, OMI-TOMS provides continuity

with older satellite-based ozone instrument measurements (McPeters et al., 2008).

Measurements from six wavelengths in the ultraviolet parts of the electromagenetic

spectrum are put into to the TOMS algorithm. Two of the chanels are used to

retrieve ozone and the remaining four are used to improve data quality. McPeters

et al. (2008) compared TOMS ozone retrievals with Dobson and Brewer spectrom-

eter measurements and found that OMI-TOMS total column ozone averaged 0.4%

higher than the ground stations; Balis et al. (2007) found agreement of better than

1% between OMI-TOMS and ground stations.

DOAS obtains total column ozone by including slant column data and account-

ing for sun-surface-satellite geometry and other factors in its analysis (McPeters

et al., 2008). This ozone retrieval method is not used for either of the tropospheric

ozone products examined in this thesis, but accuracy information is included for

completeness. DOAS comparisons with ground spectrometers by McPeters et al.

(2008) found offsets of 1.1%, with a seasonal dependence of ±2% and a signif-

icant dependence on solar zenith angle. Comparison of OMI-DOAS to surface

spectrometers by Balis et al. (2007) showed agreements of better than 2%.

MLS uses five radiometers to make radiance measurements between 118 GHz

and 2.5 THZ to retrieve profiles of temperature, pressure, and atmospheric trace

gases (Waters et al., 2006). MLS scans in the direction of orbital motion (Fig. 2.1),

retrieving individual profiles every 165 km along its track. The vertical resolution

is 3 km, and approximate horizontal resolution is 300 km in the Upper Tropo-

sphere/Lower Stratosphere (UTLS) region. Precision ranges from 20% at the 215

hPa level to 3-5% in the stratosphere (Froidevaux et al., 2008; Boyd et al., 2007).

Both the OMI and MLS measurements have limitations. OMI only measures

the total amount of ozone in a column of air, whereas MLS measurements have

a very limited coverage area and only resolve the stratosphere and upper tropo-

sphere. While these measurements are useful for studying the global distribution

of ozone and changes of stratospheric ozone, extracting tropospheric ozone from

these measurements represents a more difficult problem. Several methods have

been developed to retrieve tropospheric ozone from satellite measurements.
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Figure 2.1. Illustration of the capabilities of OMI and MLS onboard the AURA satellite.
OMI, pictured in green, is a nadir pointing instrument that provides total column values
of ozone and other atmospheric constituents. MLS, pictured in red, is a limb instrument
that looks in front of AURA and provides stratospheric profiles of ozone and other
atmospheric constituents.

In its simplest form, a tropospheric ozone residual is obtained by subtracting

stratospheric column ozone from total column ozone to yield tropospheric column

ozone. The first tropospheric ozone residuals used the TOMS algorithm for total

ozone and SAGE profiles to estimate the stratospheric column ozone (Fishman

et al., 1990), and offered monthly and seasonal tropospheric column ozone amounts.

This method has been modified by using newer satellite observations, with higher

spatial and temporal resolution, and mapping techniques to extend stratospheric

profiles, which usually have narrow coverage, to a larger area of the Earth. This

means that tropospheric column ozone residual methods are viable for retrieving

daily tropospheric ozone. A list of selected tropospheric ozone residual methods

can be seen in Table 2.1.

This study examines the Trajectory-enhanced Tropospheric Ozone Residual

(TTOR) (Schoeberl et al., 2007). TTOR (version 1.4) uses six-day isentropic

forward trajectories to spread MLS measurements over Earth’s surface. Then the

MLS forward trajectories and OMI measurements are interpolated to a 1.25 by 1
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Table 2.1. Several modern methods for obtaining tropospheric column ozone from
satellite measurements. Acronym Definitions can be found in appendix A

degree grid. Finally, stratospheric column ozone is subtracted from total column

ozone to retrieve tropospheric column ozone. This method offers two advantages

over the standard tropospheric ozone residual. First, the use of the Microwave

Limb Sounder allows daily profiles to be analyzed, and second, the trajectory

mapping allows potentially more accurate estimates of global tropospheric column

ozone.

The Aura Assimilation, hereafter Aura-ASM, uses MLS ozone profiles and OMI

total ozone columns to improve the output of the GEOS-4 data assimilation system.

Aura-ASM is similar to trajectory mapping because it uses assimilated meteoro-

logical fields along with a general circulation model (GCM) (Bloom et al., 2005).

Unlike trajectory mapping, it also uses these fields to drive a photochemical model

that accounts for ozone production, loss, and deposition during transport (Sta-

jner et al., 2008). This product provides ozone mixing ratios at 55 vertical layers

throughout the atmosphere on a horizontal grid of 1.25◦ by 1◦ grid. Twelve of

these layers typically lie in the troposphere (Stajner et al., 2008).

2.2 In-Situ Ozonesondes

In-situ ozone profiles are measured using Electrochemical Concentration Cell(ECC)

ozonesondes. They utilize the reaction

2KI +O3 +H2O → 2KOH + I2 +O2

The I2 undergoes further reactions, eventually yielding two electrons for each ozone

molecule. The electric current is measured in proportion to the number of ozone
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molecules, and a modified radiosonde sends ozone partial pressure measurements

to a ground station, along with radiosonde measurements of pressure, temperature,

humidity, and sometimes winds (En-Sci 1999). The precision of the ozonesondes

in the troposphere is 5-10% (Smit et al., 2007). ECC ozonesondes have been

utilized since the 1960s (Komhyr, 1969), and a continuous record exists at two US

locations and several sites in Canada, Europe, and Japan. As noted in the previous

chapter, coverage of the entire atmosphere with ozonesondes is not logistically

possible, although there have been attempts to extrapolate sonde measurements

during intensive campaigns to regional scales by trajectory mapping (Tarasick

et al., Submitted).

2.3 Site Selection

Aura-derived tropospheric ozone was compared to ozonesondes launched during

spring 2006 at four sites in the Pacific Northwest region of the US and Canada. This

period was selected because an intensive ozonesonde campaign, called IONS-06 was

conducted during the spring of 2006 that achieved the near-daily launch times re-

quired for an in-depth time-series analysis. Data from the IONS-06 campaign can

be found at http://croc.gsfc.nasa.gov/intexb/ions06.html. Spring months were

chosen because, during the Spring, the top of the troposphere is dynamically com-

plex and can cause difficulty in some models and satellite ozone retrievals.

Four locations were selected from the Pacific Northwest because they are geo-

graphically close, yet topographically diverse. Bratts Lake, SK, is located on the

plains in southern Canada; Kelowna, BC, is located in the Cascade mountains;

Richland, WA is located on the slopes of the Cascade Mountains; and Trinidad

Head, CA, is adjacent to the Pacific Ocean. Refer to Fig. 2.2 for a map of analysis

sites, along with approximate sizes of colocated assimilation model grid-squares.

2.4 Methods

The first step in evaluating the accuracy of the TTOR and Aura-ASM ozone re-

trievals is to calculate integrated tropospheric ozone. This is the only tropospheric

data that the TTOR product supplies and is also a good first metric for the perfor-
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Figure 2.2. The four locations whose data were analyzed in this thesis. From lower left
to upper right, Trinidad Head, CA; Richland, WA; Kelowna, BC; Bratts Lake, SK. Red
boxes show approximate sizes and locations of GEOS-4 grid squares.

mance of Aura-ASM, where tropospheric column ozone is obtained by integrating

ozonesonde measurements from the surface to the tropopause. Therefore, the lo-

cation of the tropopause (top of the troposphere) is important because it affects

the outcome of the integration. Moreover, the forcings that affect ozone concen-

tration are very different between the stratosphere and troposphere, and so the

forcings that effect ozone will vary depending on the location of the tropopause.

The stratospheric ozone cycle is affected primarily by photochemistry, and large

scale, slowly varying (on the order of months) transport, whereas tropospheric

ozone is influenced by synoptic-scale transport, photochemistry, surface produc-
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tion and destruction, and lightning (Thompson et al., 1999, 2007). Because of

the different forcings, ozone concentrations in the stratosphere are much higher

than ozone in the troposphere so deciding where the troposphere ends has a great

impact on estimated tropospheric column ozone.

There are several tropopause definitions that rely on differences in potential

vorticity or lapse rate between the troposphere and stratosphere. Other methods

rely on the increase in ozone concentration at the tropopause. Dougherty (2008)

found that methods based on ozone gradients, or that started from the stratosphere

and decended toward the troposphere to a low ozone cutoff, were most effective.

In this study, we select a 200 hPa tropopause in the integration of tropospheric

ozone measurements and estimates. While this has the potential to capture some

stratospheric ozone, it also avoids biasing retrieval accuracy by tropopause height.

For example, equatorial locations have a higher tropopause height than subtropical

and polar locations. Therefore, if a model has problems at a certain height that is

above the tropopause in southern locations but below in northern locations, or that

is above the tropopause during the winter but below during the summer, calculated

tropospheric amounts may be biased by tropopause height. Thus a static height

was needed. At midlatitudes in springtime, 200 hPa is a standard height, and is

often close to the tropopause claculated by other methods (see Fig. 3.6 and 3.7).

Finally, this height has been used in other validation studies (Schoeberl et al., 2007;

Stajner et al., 2008). To extract tropospheric ozone column from the AURA-ASM

data product, ozone mixing ratios were linearly interpolated to regular levels and

integrated using the equation

.7891

∫ ps

pt

µ · dp

as described in Stajner et al. (2008). In this equation µ is the ozone mixing ratio

in Parts Per Million by Volume (PPMbv), p is the pressure, pt is the tropopause

pressure, ps is the surface pressure in hPa. For ozonesonde data, we applied the

equation

26.93

∫ zs

zt

p(z)µz

T (k)
dz

where p(z) is the pressure at a height z, zt is the tropopause height, zs is the surface
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height, T (k) is the temperature in degrees kelvin, and µ is the ozone concentration

in PPMbv (Dougherty, 2008). Once tropospheric ozone column estimates were

produced, we calculated errors and percent differences for each day of the study

period.

In addition to the tropospheric ozone column, we also examined the perfor-

mance of Aura-ASM ozone profiles. The Aura-ASM product provides average

ozone concentration between two pressure levels. we averaged ozonesonde mea-

surements over these pressure levels to compare to Aura-ASM.

Finally, we developed case study periods to understand irregularities in the

performance of the Aura-ASM ozone estimation method.



Chapter 3

Initial Results and Statistics

This chapter will examine time-series data from four IONS-06 locations. First, we

will show the time-series plots, residual histograms, and mean percent differences

of tropospheric column ozone to understand generally how TTOR and Aura-ASM

resolve tropospheric ozone during the study period. Then, we examine profiles

from Aura-ASM to better understand factors that affect its performance.

3.1 Ozone Overall Statistics

We compared both TTOR and Aura-ASM data products to ozonesondes during

the IONS-06 study in the spring of 2006. Figures 3.1 and 3.2 show this comparison

for Trinidad Head, CA, Kelowna, BC, Bratts Lake, SK, and Richland, WA.

These time-series indicate that both the TTOR and the Aura-ASM capture

the general patterns measured by the ozonesondes. On average, the TTOR data

were 13.8% below the ozonesonde column measurements, whereas Aura-ASM had

an average percent difference of -0.8%. The precision of individual ozonesondes

is 5% for measurement of partial pressure in the atmosphere (Thompson et al.,

2003; Smit et al., 2007). Our percent differences for the Aura-ASM and TTOR

1.4 data products are slightly lower than differences obtained in previous works

(Stajner et al., 2008; Schoeberl et al., 2007), which may be partly due to the

relatively small spatial and time scales used in this analysis; or that Schoeberl

et al. (2007) and Hui (2008) used version 1.3 of TTOR. Improvement of the cloud-

resolving algorithm in TTOR 1.4 (Schoeberl - Personal Communication) increased
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Figure 3.1. Time Series for surface to 200 hPa integrated column ozone at two Canadian
locations during the Spring of 2006. Locations are (a)Bratts Lake, SK and (b) Kelowna,
BC. 420 represents 4/20 or April 20.

data density which may partially account for the discrepancy. Average percent

differences for the spring of 2006 for all four sites used in this study are given in

Table 3.1.

Although the average percent differences show some variations, further analysis

is needed to understand these variations in the performance of the data products.

The data suggest that Aura-ASM provides significantly higher accuracy at all

four study locations; however, both data products have similar errors at Trinidad

Head. These errors are the subject of Case Study 1 in Chapter 4, where we

illustrate that the ozone retrieval in the upper troposphere was biased high, leading

to tropospheric ozone biases above 20 DU. This high bias counterbalanced the

tendency of both data products to underestimate ozone lower in the troposphere.
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Figure 3.2. Time Series for surface to 200 hPa integrated column ozone at two US
locations during the Spring of 2006. Locations are as follows (a):Trinidad Head, CA;
(b):Richland, WA. 420 represents 4/20 or April 20.

Table 3.1. Mean percent differences between Aura-ASM/TTOR 1.4 and ozonesonde
tropospheric integrated ozone from the surface to 200 hPa at four IONS-06 locations.
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When this day is removed, the average mean percent difference for TTOR at

Trinidad Head changed from -4.7% to -12%, and from 2.5% to -2.3% for Aura-

ASM. This changed mean percent differences over all locations to -15.7% for TTOR

and -1.9% for Aura-ASM. The Aura-ASM data appears to represent a significant

improvement over TTOR, but Aura-ASM’s small error is partly due to cancellation

of low and high biases in the ozone profile as will be shown in the next section.

Error histograms, generated by subtracting ozonesonde tropospheric ozone

from Aura-ASM or TTOR tropospheric ozone, are shown in Figures 3.3 and 3.4.

These figures show slightly skewed distributions for both data products over most

locations, with the Aura-ASM distribution slightly narrower than the TTOR one.

Therefore, one must be careful in applying simple statistics to these data products.

Additionally, error distributions varied greatly among the different locations. For

example, the spread of the retrieval errors at Trinidad Head and Bratts Lake are

larger than Richland and Kelowna. This is a surprising result, as one might expect

the Kelowna measurements to vary more due to mountain wave generation and the

more complex dynamics found at northern latitudes during the late spring (Creil-

son et al., 2003; Pierce and Grant, 1998). However, some have noted increased

satellite resolution at higher altitudes that may be able to account for the smaller

spread at Kelowna (Thompson et al., 2003).

3.2 Tropospheric Ozone Vertical Profiles

Because twelve of the Aura-ASM layers are in the troposphere (Table 3.2), we were

able to examine ozone profiles in the troposphere and look at fine atmospheric

structure. Recall that the average percent difference between ozonesondes and

Aura-ASM is -1.9%.

Figures 3.5 a,c and 3.6 a,c show example ozonesonde soundings and AURA-

ASM retrievals, and Fig. 3.5 b,d and Fig. 3.6 b,d show mixing ratio percent differ-

ences at the middle of each Aura-ASM pressure level. Mean in-situ ozone mixing

ratios were calculated for each Aura-ASM pressure level, then compared to the

Aura-ASM retrievals for all days in our study.

The profile percent-error graphs in Figs. 3.5 and 3.6 indicate that the AURA-

ASM data product fluctuates between negative and positive biases. Except at
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Figure 3.3. Histograms of surface to 200 hPa integrated column ozone errors for two
Canadian IONS-06 sites.

Kelowna, biases are negative in the lower troposphere, positive in the middle to

upper troposphere, and typically become negative above 200 hPa. When column

integration is performed, these positive and negative biases cancel and produce

high accuracy.

Figures 3.5 and 3.6 also provide context for the column integration height of

200 hPa. At the northernmost sites (Kelowna and Bratts Lake) the location of the

mean dynamical tropopause is below the 200 hPa integration height, whereas the

Trinidad Head and Richland mean dynamical tropopauses lie above and at 200 hPa,

respectively. At all four locations, Aura-ASM has a positive bias between 300 and

200 hPa. This systematic bias was noted by Stajner et al. (2008), and illustrates

one advantage of the static 200 hPa tropopause. Since the average dynamical
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Figure 3.4. Histograms of surface to 200 hPa integrated column ozone errors for two
US IONS-06 sites.

tropopause is located below 200 hPa at the more northerly sites, tropospheric ozone

column integration to the dynamical tropopause not include much of this high-

biased layer. At the southern sites, especially Trinidad Head, integration to the

dynamical tropopause would include would this high biased data layer, introducing

additional bias. Therefore, while using a lapse-rate or dynamic tropopause for our

integration height may have avoided inclusion of stratospheric air in an integration,

it would have introduced additional problematic issues.
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Figure 3.5. (a) and (c) show Canada ozonesonde pressure profiles for May 3, 2006,
in red. Blue dots represent Aura-ASM ozone at the center of each model layer for 21z
on May 3,2006, and are connected by a linear interpolation for visualization purposes.
Percent differences between Aura-ASM and ozonesonde for each day of the study period
were computed at each Aura-ASM pressure level by using average ozonesonde mixing
ratios over each pressure level, and are shown in (b) and (d) in gray. The average percent
differences over all days are shown by the blue lines. The red bars represent the average
dynamic tropopause heights.
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Figure 3.6. (a) and (c) show United States ozonesonde pressure profiles for May 3, 2006,
in red. Blue dots represent Aura-ASM ozone at the center of each model layer for 21z
on May 3,2006, and are connected by a linear interpolation for visualization purposes.
Percent differences between Aura-ASM and ozonesonde for each day of the study period
were computed at each Aura-ASM pressure level by using average ozonesonde mixing
ratios over each pressure level, and are shown in (b) and (d) in gray. The average percent
differences over all days are shown by the blue lines. The red bars represent the average
dynamic tropopause heights.
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Table 3.2. Aura-ASM average pressure levels at each IONS-06 location. Note that the
last four pressure levels are the same at all sites.

3.3 Total Ozone Column Comparison

The OMI instrument provides total ozone column measurements used for the

TTOR 1.4 and AURA-ASM calculations. OMI-TOMS total ozone column re-

trievals were analyzed to determine if errors in these measurements are causing

tropospheric column errors. To accomplish this, OMI total column ozone data

were compared to total column ozone from ozonesondes. Errors in OMI total

column ozone are then compared to errors in tropospheric column ozone derived

from both data products (Fig. 3.7). While TTOR and Aura-ASM errors range

from about 0% to 80% and 0 to 40 %,respectively, all errors for OMI total ozone

columns are less than 8% and appear to be uncorrelated to TTOR and Aura-ASM

tropospheric column ozone errors, which suggests that OMI errors are not playing

a significant role in tropospheric ozone retrieval errors.
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Figure 3.7. Total column ozone percent differences (compared with Ozonesonde values)
versus tropospheric column ozone percent errors(Compared with ozonesonde values) for
individual days at Bratts Lake, SK. Other locations exhibited similar behavior and are
not shown.



Chapter 4

Aura-ASM/Sonde errors: Three

case studies

When conducting a validation of satellite products, there are several sources of

systematic error. The previous chapter discussed the distribution of errors. It

also examined how positive biases could balance negative biases if averaged over

a time-series. This chapter will review errors due to the pixel size of the AURA

data and will examine case studies to investigate causes of errors in the Aura-ASM

product. Case one covers a situation where no significant errors occured even in the

presence of an upper level trough. Case two examines a situation where a trough is

the likely cause of bifurcation in ozone concentration at adjacent Aura-ASM grid

squares. Finally, case three examines the April 21 Trinidad Head comparision that

represented a large enough discrepancy with the sondes and significantly impacted

mean percent differences as presented in the previous chapter.

4.1 Pixel Areas

One potential source of error in our comparisons is the spatial resolution of the

Aura-ASM and TTOR products, because the point measurements of ozonesondes

are compared to the 1.25◦ by 1.00◦ grid size of the AURA-ASM and TTOR prod-

ucts. At Trinidad Head pixel size is 111 km by 105 km, whereas at Bratts Lake

pixel size is 111 km by 83 km. Since ozone correlation length in the troposphere

is 500-1000 km (Liu et al., 2009), one potential method to address spatial resolu-
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tion differences is to determine the ozone value at the nearest four pixels to the

ozonesonde launch point and then linearly interpolate to the coordinates of the

ozonesonde launch location. This also has the side effect of accounting for any

sonde drift.

After performing this interpolation at all sites, we did not find any significant

changes in our comparisons. Additionally, we were concerned that the interpolation

might mask dynamical features and introduce additional biases. For these two

reasons, all figures and statistics shown in this thesis, unless otherwise noted, use

the grid-square that contained the sonde launch point.

To examine any additional information that may be available in the Aura-

ASM product at adjacent pixels, we plotted ozone profiles for all pixels adjacent to

the one containing the sonde launch point. Fig. 4.1 shows an example of this plot

where the Aura-ASM grid square that contains the sonde launch did not adequately

resolve the features measured by the ozonesonde. The east, northeast, and north

locations resolve the measured ozone profile better than the grid square containing

the sonde launch. A look at the synoptic conditions for 18:00Z on this day indicates

a significant geopotential height gradient to the north of this area, which may

account for the observed difference. This adjacent pixel analysis proves to be

useful when examining other difficult cases and will be an important technique as

we examine several cases of the Aura-ASM retrieval, especially because it allows

us to observe if meteorological variability is affecting the Aura-ASM retrieval.

4.2 Case Studies

The main motivation behind the case studies is to better understand factors that

may cause errors seen in Aura-ASM profile retrievals (Figs. 3.5 and 3.6), initially

focusing on synoptic conditions. Varying meteorological conditions have the poten-

tial to affect satellite retrievals and can also cause difficulty for models, especially

if the model has a low resolution. However, there are other factors that may play a

role in creating differences between Aura-ASM retrievals and ozonesonde measure-

ments. To understand the role of meteorological conditions and other factors, we

examine three cases that show similar meteorological conditions, but very different

discrepancies between Aura-ASM retrievals and ozonesonde measurements.
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Figure 4.1. This plot shows all Aura-ASM pixels adjacent to and including the Aura-
ASM pixel containing the sonde launch. Also shown is ozonesonde measurement (solid
black line) Note that Aura-ASM pixel containing sonde launch does not reflect upper
tropospheric features as well as several adjacent pixels, as described in section 4.1

4.2.1 Case Study 1: 2-3 May, 2006

The objective of this case study is to examine a period when the Aura-ASM exhibit

typical performance (see Figs. 3.1 and 3.2) during the passage of a significant

trough. We look at May 2-3, when a trough is deepening over the western US and

a cutoff low is forming over Saskatchewan and Manitoba, e.g, Figs. 4.2. During

this time, tropopause height is declining over the US, which can be seen in Fig. 4.2

as the 250 hPa tropopause (pink line) extends farther south on May 3 than it did

the previous day.
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Figure 4.2. GEOS-4 250 hPa heights for May 2 and 3 at Bratts Lake, SK at 18 Z.
Blue lines correspond to geopotential height in decameters, colors to temperature, and
the pink line represents the location where the tropopause is at 250 hPa. GEOS data
from: http://croc/gsfc/nasa/gov/intex/IMAGES/CP

The Richland soundings show several interesting features at this time. On

May 2 (Fig. 4.3), the Richland Aura-ASM profile approximates the tropopause

height and upper tropospheric ozone. This day had a north-south geopotential

height gradient at 250 hPa. Over the following 24 hours from May 2 to May

3, a trough deepened over the west coast. This began to decrease geopotential

heights, especially at more southerly locations like Trinidad Head. At Richland,

the tropopause region on May 3 could arguably be placed at a slightly higher

altitude due to the ridge building off the west coast, but the Aura-ASM product

slightly underestimates this height. This suggests that Aura-ASM retrievals may

have some difficulty in the presence of height gradients. We will examine this effect

further in the following two case studies.

Finally, note the spikes in ozone concentration at 700 hPa and 300-500 hPa

on both May 2 and 3 in the Richland, WA, profiles. Are these spikes (which are

unresolved by the model) related to intrusions of high ozone stratospheric air into

the troposphere? Laminar Identification Analysis (LID) (Thompson et al., 2007;

Dougherty, 2008; Luzik, 2009), which budgets ozone into several sources, suggests

that they are due to other factors. In summary, we do not observe any significant
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Figure 4.3. Aura-ASM and ozonesonde profiles from Richland, WA, for May 2 and
3, 2006. Solid black line shows the ozonesonde profile and the dashed black line shows
Aura-ASM retrieval from the pixel containing the launch site. All other lines come from
adjacent pixels, as described in the legend.

retrieval errors on May 2 or 3, although Aura-ASM retrievals have minor difficulty

resolving upper troposphere ozone and middle troposphere ozone spikes during the

presence of a front.

4.2.2 Case Study 2: 17 April, 2006

The previous case study illustrated that under the steep height gradients observed

with the trough on May 3, there was a slight overprediction of ozone. In this

second case study, which examines Bratts Lake profiles from April 17, 2006, we

examine further the performance of the Aura-ASM retrieval when under strong

geopotential height gradients. Figure 4.4 shows synoptic conditions at Bratts Lake
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on April 17th. These are similar to those observed at Richland on May 3 - a deep

trough is near the study site along with steep geopotential height gradients.

Examination of the ozone profile for this day reveals two interesting features(Fig. 4.5).

First, a high bias in the Aura-ASM retrieval is present from 250 to 200 hPa. Recall

in Chapter 3 that we discussed the persistent high bias in this range. We have

observed it in case studies 1 and 2. Second, there is a bifurcation in ozone in the

upper troposphere/lower stratosphere (Fig. 4.5). At pressures near and slightly

below 200 hPa, the pixel containing the ozonesonde launch, as well as pixels to

the northeast, east, southeast, and south, display the Aura-ASM retrievals with

ozone mixing ratios 100 ppbv below that of the sondes, with southeast having the

greatest discrepancy. The other pixels had profiles that were close to the sonde

mixing ratios, with the northwest overestimating ozone by the highest amount.

An examination of the dynamic conditions at 250 hPa shows strong geopotential

height gradients from northwest to southeast; these persist to 100 hPa.

Because both the gradient in geopotential height at 250 hPa is northwest to

southeast and the gradient in overestimation/underestimation of ozone is northwest

to southeast, we infer that this is a case when the dynamical conditions are playing

the dominant role leading to the differences in ozone profiles. Further research

should incorporate statistical tools to characterize the performance of the Aura-

ASM retrieval with different synoptic regimes. Some discrepancies between Aura-

ASM and the ozonesondes cannot be explained merely by synoptic conditions.

4.2.3 Case Study 3: 21 April, 2006

On April 21, 2006, there is a significant ozone discrepancy between the Trinidad

Head ozonesonde and the Aura-ASM retrievals (Figure 4.6). Both the AURA-

ASM and the TTOR 1.4 retrievals indicate column ozone greater than 60 % above

the ozonesonde surface to 200 hPa integration. The high percent difference on

this day significantly changed the average percent differences over all 12 days of

the campaign(see section 3.2). When this day is removed, Trinidad Head average

percent errors are much closer to the percent errors observed at the other locations.

As in the previous two case studies, we first examine the meteorological condi-
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Figure 4.4. GEOS-4 atmospheric conditions at 250 HPa for Richland, WA, at 18:00Z
on April 17, 2006. Blue ines correspond to geopotential height in decameters, colors to
temperature, and the pink line represents the location where the tropopause is at 250
hPa. GEOS data from: http://croc/gsfc/nasa/gov/intex/IMAGES/CP.

tions to determine if dynamics the source of this discrepancy. There is an upper

level trough approaching the west coast of the United States, and Trinidad Head is

near the center of that trough (Fig. 4.7). An examination of the profile shows that,

while there is a slight northeast/southwest progression in ozone mixing ratios in

the upper troposphere, all Aura-ASM retrievals at and surrounding the pixel con-

taining the Trinidad Head the ozonesonde launch have significant differences with

ozonesonde mixing ratios. This suggests other sources of variation than simply the

large-scale synoptic dynamics that we saw in previous case studies.
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Figure 4.5. Profiles for Bratts Lake on April 17, 2006. Solid black line shows ozonesonde
profile, dashed black line shows Aura-ASM retrieval from the pixel containing the launch
site. All other lines come from adjacent pixels, as described in the legend.

We examined other potential causes of the difference. The in-situ ozonesonde

data were examined to verify the accuracy of our “truth”. The sonde for this

day exhibited extremely low ozone pump current, suggesting that there may be

abnormal ozone measurements, especially at high altitudes. However, data are

still acceptable up to around 18 km, well above our 200 hPa integration height

(Oltmans, 2009).

We also considered that the assimilation time may have been causing our dif-

ferences. The assimilations are produced every three hours. For all of our compar-

isons, we compared the 21:00Z assimilation, which is approximatly the launch time
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Figure 4.6. Profiles for Trinidad Head on April 21, 2006. Solid black line shows
ozonesonde profile, dashed black line shows Aura-ASM retrieval from the pixel containing
the launch site. All other lines come from adjacent pixels, as described in the legend.

of most sondes. On this day, the sonde was launched at 20:28Z, and we also exam-

ined the assimilations from three hours before and after 21:00Z to make sure that

assimilation time was not playing a role in our analysis (Fig. 4.8). While chang-

ing the assimilation time does not decrease the low prediction of ozone around 150

hPa, the 00:00Z assimilation does show close approximation between the sonde and

Aura-ASM ozone concentration at 200 hPa. Thus, assimilation time may have had

a role in this case, although it does not explain the persistence of the low estimates

at 150 hPa. In order to determine if there is a relationship between assimilation

time and sonde/Aura-ASM ozone concentration agreement, we will need to exam-
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Figure 4.7. GEOS-4 atmospheric conditions at 250 HPa heights for Trinidad Head, CA
on April 21 at 18Z. Blue lines correspond to geopotential height in decameters, colors to
temperature, and the pink line represents the location where the tropopause is at 250
hPa. GEOS data from: http://croc/gsfc/nasa/gov/intex/IMAGES/CP

ine raw MLS data and Aura overpass times, which would be an important part of

any future work.

4.3 Summary

From the examination of case studies, we observed some variability in the Aura-

ASM data product near fronts. This was expected, as the Aura-ASM product

has a limited spatial resolution, and so might not be able to resolve all the ozone

features near the environs at a front, although this variability might better be un-

derstood by a statistical analysis of meteorological conditions encountered during

the campaign. Additionally, since differences in time between model assimilation

and sonde launches appear to have had an effect in Case 3, we observed that fronts
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Figure 4.8. Progression of AURA-ASM retrievals for three output times. Black dashed
line indicates the pixel that contains sonde launch, other lines indicate adjacent pixels.
From left to right, 18z Apr. 21, 21z Apr. 21, 00z, Apr. 22

and dynamical variability do not appear to explain all major differences between

the Aura-ASM product and the ozonesonde measurements. Thus, future work

should incorporate MLS data and Aura-overpass times into the analysis.



Chapter 5

Summary, Conclusions, and

Future Research

There have been many improvements to satellite retrievals of ozone in the tropo-

sphere. Results from two current methods, a tropospheric ozone residual method

and a data assimilation method were compared to in-situ ozonesonde measure-

ments. The average error for the Trajectory Enhanced Tropospheric Ozone Resid-

ual (TTOR) was -15.7%, and the average error for the OMI/MLS Assimilation

(AURA-ASM) was -1.9%. We observed that the low error for the AURA-ASM

product is partially due to systematic cancellation of errors in the troposphere and

stratosphere, with some heights usually biased high and others biased low. Errors

did not appear to be due to OMI-TOMS total ozone column retrieval errors.

Additionally, several cases in Spring, 2006 were examined to better understand

the effect of dynamics on the ability of Aura-ASM and TTOR to resolve tropo-

spheric ozone. In the case of May 2-3 at Richland, WA, we observed the impact

of normal geopotential height gradients where the AURA-ASM product closely

matches the in-situ retrieval. April 17 at Bratts Lake, SK, amplifies this obser-

vation by showing how one retrieval had difficulty because the Aura-ASM profile

in the pixel containing the sonde launch location does not capture the dynamical

variations within the atmosphere. April 21 at Trinidad Head, CA, showed a prob-

lematic retrieval where errors are not simply related to the passage of a front, but

may be due to MLS satellite retrieval problems, ozonesonde measurement error,

Aura-ASM retrieval time, or an atmospheric feature not resolved by the model.
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These three case studies illustrate the questions that remain about the perfor-

mance of the Aura-ASM data product. While one might expect some variability in

the region of fronts, dynamics do not completely explain some of the case studiies,

such as what was observed the 21st of April, so other factors are evidently at work.

Several areas remain ripe for further research. First, analysis of MLS data

would greatly improve our error analysis, as it is a significant independent variable,

with errors at 215 hPa reaching 20% (Froidevaux et al., 2008). This will not

be a simple task, as the MLS level 2 data are only available in swaths. MLS

data combined with the OMI data that were analyzed in this thesis will offer a

more complete picture of factors that affect the OMI/MLS assimilation and TTOR

accuracy.

Also, since the IONS-06 intensive campaign included additional locations at

other latitudes, such as Stony Plain, AB, and Houston, TX, these sites can be

analyzed to better understand chemical relationships. For example, Houston is

well known for its high amounts of air pollution. Analysis of Houston data could

clarify the ability of the assimilation to resolve chemistry.

Finally, several studies (Thompson et al., 2007; Luzik, 2009; Yorks et al., 2009)

have used analysis of ozone laminae in IONS ozonesondes to partition tropo-

spheric ozone into four sources: boundary layer, stratosphere, regional convec-

tion/lightning, and “other” (mostly due to long-distance transport). It is possible

to use this information to understand more about these satellite data products.

An analysis of variance (ANOVA) could be used to compare the performance of

TTOR and Aura-ASM under different ozone forcings, and determine which method

is most sensitive to various ozone sources. This goes beyond simple validation and

begins to examine the physical basis of both methods.

This is the ultimate goal of any validation. As the OMI data user guide (OMI,

2009) states “validation is never over”. In the ongoing quest to improve our knowl-

edge of tropospheric ozone, both of these data products offer improvements over

previous ones.



Appendix A

Selected Acronyms

OMI : Ozone Monitoring Instrument, one of the four instruments onboard the

AURA satellite

MLS : Microwave Limb Sounder, one of the four instruments onboard the Aura

Satellite

ECC : Electrochemical concentration cell, a type of ozonesonde commonly used

at many sites around the world

UV : Ultraviolet Light, in the atmosphere, relevant wavelengths are between

200nm and 400nm

UTLS : Upper Troposphere/Lower Stratosphere, this region of the atmosphere

presentes difficulty for many models due to its dynamical complexity and high

gradients in temperature and potential vorticity

SBUV : Solar Backscattered Ultraviolet limb sounder that made stratospheric

measurements

SCO: Stratospheric Column Ozone

PV: Potential vorticity, proportional to the dot product of vorticity and straifi-

cation (Holton, 2004).

CCD: Convective Cloud Differential

SAGE : Stratospheric Aerosols and Gases Experiment: The first satellite to

make ”stratospheric ozone” measurements using solar occultation

TOC : Total Ozone Column - The total amount of ozone in a vertical column

above a 1cm by 1cm square

DU : Dobson Unit, a unit of integrated ozone. It is the depth of ozone in
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hundredths of a millimeter if a ll the ozone in a layer were brought to STP. 1

Dobson Unit is approximately equal to 1016 molecules of ozone

TOR : Tropospheric Ozone Residual - Tropospheric Ozone Column data re-

trieved by subtracting stratospheric ozone column from total ozone column

TTOR : Trajectory-Enhanced Tropospheric Ozone Residual, improves Tropo-

spheric Ozone Residuals by using Trajectories to spread stratospheric ozone re-

trievals over the globe

GOES :Geostationary Operational Environmental Satellite

GEOS : Goddard Earth Observing System: A data assimilation system devel-

oped at the Goddard Space Flight Center.

GCM : General Circulation Model
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