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Abstract

Extensive ozone measurements were made during the second SAGE IIl Ozone Loss
and Validation Experiment (SOLVE IlI). We compare high-latitude line-of-sight (LOS)
slant column ozone measurements from the NASA DC-8 to ozone simulated by for-
ward integration of measurement-derived ozone fields constructed both with and with-
out the assumption of horizontal homogeneity. The average bias and rms error of the
simulations assuming homogeneity are relatively small (-6 and 10%, respectively) in
comparison to the LOS measurements. The comparison improves significantly (-2%
bias; 8% rms error) using forward integrations of three-dimensional proxy ozone fields
reconstructed from potential vorticity-O5 correlations. The comparisons provide ad-
ditional verification of the proxy fields and quantify the influence of large-scale ozone
inhomogeneity. The spatial inhomogeneity of the atmosphere is a source of error in the
retrieval of trace gas vertical profiles and column abundance from LOS measurements,
as well as a complicating factor in intercomparisons that include LOS measurements
at large solar zenith angles.

1. Introduction

Extensive measurements of ozone were made in the Arctic during the second SAGE IlI
Ozone Loss and Validation Experiment (SOLVE Il) in winter 2003, including: in situ
sampling, lidar and ozonesonde vertical profiles, line-of-sight (LOS) measurements
(from the NASA DC-8 aircraft to the Sun), and satellite vertical profiles and column
measurements. To date, several comparisons of ozone measurements from this
campaign have been made. Lait et al. (2004) used a quasi-conservative coordinate
mapping technique to compare sometimes spatially and temporally disparate lidar,
ozonesonde, and Polar Ozone and Aerosol Measurement (POAM) Il solar occultation
vertical profiles. Livingston et al. (2005) compared vertical column densities inferred
from LOS solar measurements made by the Ames Airborne Tracking Sunphotometer
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(AATS-14) with similar measurements from the NCAR Direct beam Irradiance Atmo-
spheric Spectrometer (DIAS) and NASA/Langley’s Gas and Aerosol Monitoring System
(GAMS), as well as integrated column measurements retrieved by the Stratospheric
Aerosol and Gas Experiment (SAGE) IIl, POAM Ill, Total Ozone Mapping Spectrome-
ter (TOMS), and Global Ozone Monitoring Experiment (GOME) satellite instruments.

In this paper, we extend the evaluation of LOS ozone by comparison with other,
complementary measurements. We shall focus on LOS ozone retrieved from DIAS so-
lar irradiance measurements using the multi-spectral, multi-species retrieval of Swartz
et al. (2005). There are issues that complicate such evaluations of ozone, especially at
high latitudes, including the effects of spatial (horizontal) inhomogeneities of the ozone
field. Global ozone, in terms of its vertical column density, ranges from tropical val-
ues of roughly 250 Dobson Units (DU) to a polar high of nearly 500 DU, before annual
springtime ozone depletion occurs within the polar vortex, with total ozone reduced to a
minimum of close to 100 DU. Hudson et al. (2003) have recently classified total ozone
amounts into tropical, midlatitude, and polar meteorological regimes. The polar vortex
itself circumscribes a transient fourth regime, driven by photochemical ozone loss. The
boundaries of these regimes are constantly moving with the dynamics of the atmo-
sphere. In addition, ozone varies on small distance scales, smaller than the grid-scale
of satellite retrievals and three-dimensional (3-D) models. These small-scale structures
may occur because of dynamics, such as filaments drawn off of the polar vortex or in
association with stratosphere-troposphere exchange.

For the present analysis, our goal is to compare DIAS LOS ozone to LOS simulations
based on ozone profiles measured by other instruments during SOLVE II. Ideally, these
other measurements would include a high-resolution, 3-D specification of the ozone
field, which could be integrated along the line of sight through which the DIAS LOS
passed, from the aircraft to the Sun. Although this is not available, ozone measure-
ments made during SOLVE Il were extensive, and it is possible to construct 3-D fields
based on these ozone measurements. We will simulate LOS ozone by forward inte-
gration of the ozone dataset, both with and without 3-D inhomogeneities, and compare
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these with the DIAS LOS measurements, which include horizontal inhomogeneities by
definition. By taking the inhomogeneity of the ozone field into consideration, we will be
able to examine error associated with the assumption of atmospheric homogeneity in
the presence of large-scale ozone gradients associated with the polar vortex.

After describing the ozone datasets (Sect. 2) and how the LOS simulations are com-
puted (Sect. 3), we will show how the simulations, with and without the homogeneity
assumption, agree with the LOS measurements (Sect. 4). All-flight statistical compar-
isons will be presented, along with examples of how inhomogeneities affect specific
flights. Implications for satellite retrievals will also be considered (Sect. 5).

2. SOLVE Il measurements

The second SAGE IIl Ozone Loss and Validation Experiment, in combination with the
Validation of International Satellites and study of Ozone Loss (VINTERSOL) campaign,
operated from Kiruna, Sweden (68°N, 20°E) during January-February 2003. The
NASA DC-8 hosted a suite of instruments, including: the FAST response OZone in-
strument (FASTOZ) measuring in situ ozone; the Differential Absorption Lidar (DIAL)
and Airborne Raman Ozone, Temperature, and Aerosol Lidar (AROTAL) vertically pro-
filing ozone; and DIAS and AATS-14 making solar LOS ozone measurements. Eleven
science flights provided a substantial ozone dataset for intercomparison, validation,
and evaluation. For the present analysis, we focused on data from the 10 flights from
12 January through 2 February 2003, excluding the final transit flight (note that the
analysis of Swartz et al. (2005) was restricted to six flights from 19 January to 2 Febru-
ary, for comparison with available AATS-14 data). In addition, the satellite-based solar
occultation instruments POAM lIl, the Halogen Occultation Experiment (HALOE), and
SAGE II/11l were all operational during SOLVE Il. These satellite data were combined to
form near-global 3-D ozone fields that were used in the intercomparisons, as described
below.
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2.1.  Sun-viewing line-of-sight ozone measurements

The DC-8 was equipped with a number of instruments that measured the slant ozone
column density from the aircraft to the Sun. For this analysis, we used measure-
ments made by the NCAR DIAS instrument. DIAS is a scanning spectroradiometer de-
signed to determine the direct solar UV and visible irradiance from 290 to 630 nm with
roughly 1-nm resolution (Swartz et al., 2005), reporting complete spectra every 30s.
Swartz et al. (2005) developed a multi-species spectral-fitting technique for deriving
LOS ozone from DIAS spectra during SOLVE II. Intercomparison with the NASA/Ames
AATS-14 Sun photometer, also on board the DC-8, showed the instruments to be in ex-
cellent agreement, with mean and root-mean-square relative differences of roughly 2%
(Swartz et al., 2005; Livingston et al., 2005). The DIAS LOS measurements are further
evaluated here by comparison with LOS simulations based on the datasets described
next.

2.2. Lidar vertical ozone profiles and in situ 0zone measurements

NASA/Langley’s DIAL lidar (Browell et al., 1998; Grant et al., 1998) measured the ver-
tical ozone profile above and below the DC-8. At flight altitude (~10 km), DIAL profiles
extend from near the surface to roughly 25 km, with the exception of within about 1 km
of the DC-8 altitude itself, at 750-m vertical measurement resolution (data reported
at 75-m intervals). Ozone profiles were reported every minute along the flight track.
NASA/Goddard’s AROTAL lidar (Burris et al., 2002; McGee et al., 1995) reported ozone
profiles with a vertical measurement resolution ranging from 500 to 3500 m, above the
DC-8 from about 14 to 35 km (data reported at 150-m intervals), every ~20s.

Lait et al. (2004) made a very thorough intercomparison of the two lidar datasets,
ozonesondes, and POAM Il occultation profiles during SOLVE Il, using a quasi-
conservative coordinate mapping technique. Their analysis informed our combination
of lidar data in this work (see Sect. 3.2.1). Lait et al. (2004) found that between roughly
16 and 24 km, there was excellent agreement among datasets. Below 16 km, AROTAL
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was biased high relative to the other measurements; above 24 km, DIAL was biased
high.

In situ ozone mixing ratio was provided by NASA/Langley’s FASTOZ instrument (http:
//cloud1.arc.nasa.gov/solvell/instrument_files/O3.pdf) and converted to number density
using flight pressure and temperature. FASTOZ is calibrated to a NIST-referenced
ozone standard, providing a very accurate measurement of ozone at flight altitude.

2.3. Solar occultation profiles

A number of approaches have been used to reconstruct three-dimensional ozone fields
from fundamentally sparse datasets. Formal data assimilation is one approach (e.g.,
Struthers et al., 2002). Trajectory mapping (e.g., Pierce et al., 1994) and reverse do-
main filling (e.g., Sutton et al., 1994) have also been used. Another approach, the
quasi-conservative coordinate or PV mapping method, has been used quite effectively
and efficiently in recent years in the polar regions (Butchart and Remsberg, 1986;
Schoeberl et al., 1989; Randall et al., 2002, 2005; Lait et al., 2004). The essence of
the technique rests on the premise that ozone behaves as a long-lived tracer in the
stratosphere on short timescales and tends to be highly correlated with other, similarly
long-lived dynamical tracers (e.g., potential vorticity) on an isentropic surface. Using
PV and potential temperature @ as coordinates, it is possible to reconstruct a “proxy”
ozone field wherever PV and @ are known, based on a limited number of ozone obser-
vations that span a sufficient range of PV/6 values.

Using the same technique that has been used and validated by Randall et al. (2002)
in the 1999/2000 Northern Hemisphere and Randall et al. (2005) in the 2002 Southern
Hemisphere winters, we produced daily, isentropic ozone proxy fields for the Arctic
region during SOLVE Il, using solar occultation ozone profiles measured by POAM lll,
HALOE, and SAGE Il/lll, each providing ~14 daily profiles in the Northern Hemisphere.
The daily proxy fields cover the SOLVE Il flight region and extend from roughly 12 to
60 km (above 1500 K or about 40 km, the proxy was based on PV at 1500 K), based on
satellite data collected within a +3-day window for each day of interest.
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3. Line-of-sight ozone calculations

Combining the independent measurements of the ozone field from other measurement
systems described above, we simulated LOS ozone for comparison with DIAS LOS
measurements and interpretation (Swartz et al., 2005). We considered both spatially
homogeneous (horizontally uniform) and inhomogeneous ozone fields, with the latter
capturing actual (large-scale) spatial gradients. This approach reveals the effects of
inhomogeneity on such LOS measurements.

3.1. Line-of-sight ozone simulation

The line-of-sight path is determined by the solar viewing geometry, and we use a nu-
merical integrator to calculate the refracted light path through the atmosphere from the
aircraft to the Sun. The integrator has recently been used to simulate the LOS ozone
during SOLVE Il for comparison with DIAS measurements (Swartz et al., 2005). It has
also been used to compute airmass factors for the conversion of LOS to vertical ozone
column density (Russell et al., 2005; Livingston et al., 2005). (In these previous stud-
ies, the integrator has assumed a spatially homogeneous atmosphere.) Russell et al.
(2005) have compared airmass calculations using the present integrator with other es-
tablished techniques at moderate SZAs, and the agreement was excellent. Because
our integrator accounts for the effects of atmospheric refraction, it is very powerful at
large SZAs.

In addition to the LOS path itself, the integrator produces a set of geometric weights
for each altitude layer the path passes through in the atmosphere between the DC-8
and the top of the atmosphere. The geometric weighting, when multiplied by the ozone
amount (the LOS ozone density profile through the atmosphere), yields a contribution
function that, when summed, is the total LOS ozone column. At SZAs larger than
90°, the light path passes through layers of the atmosphere below the aircraft altitude.
These are duly accommodated by the integrator. For this analysis, the calculations
were performed from DC-8 altitude to 50 km, at 0.5-km resolution, for each point along
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the flight tracks.
3.2. Homogeneous ozone fields

The most basic LOS ozone simulation (and the vast majority of satellite vertical profile
retrieval algorithms) assumes spatial homogeneity of the atmosphere. The ozone field
is horizontally uniform, with a particular vertical profile. In this analysis, we consider
two homogeneous cases. The different ozone profiles used for LOS simulation are
summarized graphically in Fig. 1 and described in the following sub-sections. When
computing LOS ozone in the spatially homogeneous simulations, the vertical profile is
replicated over the entire line of sight, which intersects the profile at different heights as
the distance from the DC-8 increases. The LOS ozone concentration is then integrated
using the appropriate geometrical weighting function.

3.2.1. Case 1 simulation: homogeneous integration of lidar profiles

In order to calculate vertical ozone profiles for integration to simulate the DIAS ob-
served LOS ozone, we combined a number of difference measurements. We used
DIAL lidar profiles both below and above the aircraft, up to 24 km, interpolated to the
DIAS scan times (every 305s). In part because the lidar instruments do not report data
within about a kilometer above and below the DC-8 altitude, we interpolated the li-
dar profile vertically to FASTOZ in situ ozone. Because the DIAL lidar did not always
reach the surface, it was desirable for the purpose of LOS simulations to estimate the
ozone in the bottom few kilometers of the atmosphere (although this is only necessary
at very large SZAs, when the tangent point altitude of the LOS is well below aircraft
altitude). The MODTRAN radiative transfer model (Berk et al., 1989) sub-Arctic winter
ozone profile was used as a climatology in this bottommost part of the profile. Above
24 km, we appended the profile with AROTAL lidar measurements, which extends the
profile to about 35km. The closest POAM lll occultation profile extends the profile to
50 km, which was the limit of integration (an insignificant amount of ozone is above the
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stratosphere).
3.2.2. Case 2 simulation: homogeneous integration of proxy ozone fields

For Case 2, we first horizontally interpolated each vertical layer of the 3-D proxy field
to the flight track at the DIAS scan times and then assumed a uniform atmosphere
based on the interpolated vertical profile. This is directly comparable to the lidar pro-
files described above. In fact, the interpolated proxy fields agreed closely with the
combination of lidar profiles used in Case 1. Averaged over all flights, the lidar-proxy
differences were <5% below 24 km and <10% above. Because the proxy field is avail-
able down to only about 12km, we use DIAL lidar, FASTOZ in situ, and climatology
below (as in Case 1).

3.3. Case 3 simulation: inhomogeneous integration of proxy ozone fields

Case 3 integrates the full, 3-D proxy field to yield what in principle should be the most
accurate, “true” LOS ozone profile and ozone column density. The proxy field is three-
dimensionally interpolated to the LOS path, and the Case 3 “vertical” ozone profile
example on the left of Fig. 1 is constructed by projecting the LOS slant profile through
the 3-D proxy field onto the vertical altitude grid, for comparison. Below the proxy (at
altitudes $12km), DIAL lidar/FASTOZ/climatological profiles are used and integrated
homogeneously (as in Cases 1 and 2).

An example of the ozone field integration is shown in Fig. 2. In the figure, the 3-D
proxy has been interpolated in latitude and longitude to a particular LOS path from the
26 January 2003 flight, producing a 2-D vertical curtain oriented along the LOS, hori-
zontally indexed to the distance from the DC-8. The SZA is 90°. The LOS path through
the curtain is indicated, along with the ozone contribution function at each altitude layer
(summed over 2.5-km bins). The contribution functions from both the inhomogeneous
(Case 3) and its difference in comparison to the homogeneous proxy (Case 2) simula-
tions are depicted quantitatively as concentric black-on-white solid circles. The curtain
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plot for the corresponding uniform atmosphere (not shown) would be constant across
the plot, equal to the values of the vertical profile at the DC-8. As was typical of solar
observations during SOLVE Il (viewing southward from high latitudes), ozone increases
to the south along the LOS, such that the inhomogeneous simulation is larger than the
corresponding homogeneous case. This is the essence of the inhomogeneity problem,
resulting in a negative bias in the simulation of the homogeneous ozone field, which
can be seen in both Figs. 1 and 2.

4. Comparison of LOS ozone simulations and measurements

We now focus on the LOS ozone derived from DIAS measurements on-board the DC-8
during SOLVE Il and compare this with simulations based on the homogeneous and
inhomogeneous ozone fields described above (Cases 1-3). Statistics from all of the
flights considered will be shown first, followed by more detailed examples from specific
flights.

4.1. All-flight comparison statistics

Because the true, 3-D ozone field is not precisely known at high spatial and tempo-
ral resolutions (and not known at all in three dimensions below the proxy field lowest
altitude of ~12km), it is impossible to specifically attribute measurement-simulation dis-
crepancies completely. But the SOLVE Il dataset is sufficiently large to consider such
comparisons in the aggregate. We have examined the 10 DC-8 flights from 12 January
through 2 February 2003 (excluding transit flights), and the results are summarized in
Table 1 (Cases 1 and 3 are also plotted in Fig. 3).

Figure 3a, based on Case 1 ozone profiles, is equivalent to the results reported
by Swartz et al. (2005, Fig. 6), who noted a —9.6% mean relative (root-mean-square
12.5%) difference in the simulation-DIAS measurement comparison. The reason for the
apparent improvement in Fig. 3a is due in part to the use of AROTAL lidar data at 24—
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35km, along with the addition of four more flights to the comparison (which had been
restricted to six flights, for comparison with the co-manifested AATS-14 Sun photometer
by Swartz et al., 2005). Case 1 simulations agree well with the LOS measurements.

The homogeneous, proxy-derived LOS ozone simulations of Case 2 provide a mod-
est improvement in the mean bias and rms error (Table 1). This also verifies the accu-
racy of ozone proxies.

Figure 3 shows the simulation-measurement improvement going from Case 1 to
Case 3. The cluster of points in Fig. 3a moves closer to the 1-to-1 line in Fig. 3b,
as most of the mean bias is taken into account by virtue of the ozone gradient. This
improvement, Case 1-to-3 (and Case 2-t0-3), gives an estimate of the effects of inho-
mogeneity on a LOS retrieval that assumed spatial homogeneity based on the vertical
ozone profile at the DC-8 (either from lidar/in situ or the 3-D proxy interpolated to the
flight track). The rms error also benefits from taking ozone inhomogeneity into account.

The absolute error associated with the homogeneity assumption (and size of the cor-
responding correction by three-dimensionally integrating the 3-D ozone field) is demon-
strated as a function of LOS ozone column density in Fig. 3c. In general, as the SZA
increases, so too does the LOS column because of the increasing slant path. The data
span a range of SZAs from roughly 82° to 92°. The homogeneity assumption error is
expected to increase in general as a retrieval is pushed to larger SZAs. The homoge-
neous simulations underestimate the LOS measurements by over 10% at large ozone
column densities, where the inhomogeneous simulations are in much better agreement
with the measured LOS ozone.

Despite the improvement in Fig. 3c, there is still a significant amount of scatter. This
may in part be due to sub-grid-scale spatial and temporal inhomogeneities that are not
captured in the proxy. Simulations that account for only larger-scale inhomogeneities
will always have this limitation.
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4.2. Specific flight comparison

Two flights, on 26 and 19 January 2003, have been selected in order to illustrate the
effects of synoptic-scale (and also sub-grid-scale) ozone inhomogeneity on LOS mea-
surements. Figures 4 and 5 show the geography of the flight tracks, indicating both
the sub-aircraft track and also the locations of maximum contributions to the ozone ab-
sorption along the solar LOSs (i.e., the location of the largest solid white circle symbol
in Fig. 2), superimposed on the proxy ozone density field at 500 K potential tempera-
ture. The points of maximum absorption do not necessarily coincide with where the
LOS path reaches the vertical ozone peak, as the partial LOS ozone column is also
weighted by the path geometry. Included in the figures are the DIAS measured LOS
ozone, homogeneous (Case 1) and inhomogeneous (Case 3) simulated ozone, and
partial ozone contributions from different altitude regions of the simulation cases, both
above and below the minimum altitude of the available proxy fields (referred to as the
“proxy floor”), for comparison. The above-floor proxy partial LOS column is useful
for understanding what in the simulations comes from the proxy ozone field and what
comes from the small portion of the lidar profile used between the aircraft altitude and
the proxy floor.

4.2.1. 26 January 2003: example of line-of-sight inhomogeneity

The DC-8 flew three roughly constant-latitude legs in its 26 January 2003 flight over
the eastern coast of Greenland, north of Iceland, at SZAs between 89° and 91°, shown
in Fig. 4. The edge of the polar vortex was draped roughly along the Greenland coast,
as is evidenced by the steep ozone gradient, with low ozone values confined within
the vortex. The homogeneous Cases 1 and 2 are in excellent agreement with each
other (for clarity, only the LOSs from the Case 1 simulations are shown in the figure).
Flying along the vortex edge region, however, there is a systematic offset between the
Case 1 and inhomogeneous Case 3 simulations, with the Case 3 simulation estimating
a significantly larger LOS ozone column. The reason for this difference is the ozone
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gradient. The homogeneous simulations assume an ozone vertical profile based on
the aircraft position, which is always smaller because the aircraft was on the low side
of the ozone gradient. The inhomogeneous simulation accounts for the gradient. Thus,
in general, there is better agreement between the DIAS measurements and the Case 3
simulation, although there are unexplained discrepancies in the latter half of the final
leg. Simulations assuming spatial homogeneity systematically underestimate the LOS
ozone column.

4.2.2. 19 January 2003: example including sub-grid-scale inhomogeneity

Figure 5 shows the 19 January flight, over northern Scandinavia. Four legs are shown,
with the DC-8 sampling roughly the same location in each leg at the edge of the vortex,
at a SZA range of 92°-89°. Similar to the 26 January flight, the inhomogeneous Case 3
simulation is larger than the homogeneous cases, because the LOS is looking “up hill”
in terms of the ozone gradient. On average, the lidar vertical ozone profiles agree well
with the 1-D vertical interpolations of the 3-D proxy fields for all SOLVE Il flights (see
Sect. 2.2), within roughly 5%. In this flight, although the Case 1 and 2 LOS simulations
(Case 2 simulation shown for above the proxy floor) agree well on average, the lidar
is repeatedly measuring a persistent sub-grid-scale ozone feature along the flight legs,
which the proxy map is too coarse to resolve, thus translating into small-scale differ-
ences in Cases 1 and 2. The general trends measured by DIAS in each individual leg
are nearly opposite that of the Case 1 simulation. The Case 3 simulation from proxy
integration above the proxy floor, shown with open circle symbols in Fig. 5 (i.e., not
including the below-floor part that is derived from lidar measurements), captures the
measured increasing ozone along each leg (although the Case 1 simulation in these
legs does a little better than Case 3 with the average absolute magnitude). Sub-grid-
scale ozone features measured by the lidar and driving the Case 1 simulation are not
necessarily reflected in the LOS measurements, because the LOS measurement in
essence averages out small-scale inhomogeneity over large horizontal distances, irre-
spective of synoptic-scale gradients. This is a limitation of assuming a uniform ozone
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field based on in situ profiles, since small-scale features can in essence be amplified.

5. Summary and conclusions

Having already been established as an accurate measurement of line-of-sight ozone
column density previously through intercomparison with other LOS instruments (Swartz
et al., 2005; Livingston et al., 2005), LOS ozone derived from the multi-spectral fitting
of DIAS solar irradiance spectra along the NASA DC-8 flight tracks during SOLVE Il
was compared in this study with simulated LOS ozone derived from other, complemen-
tary measurements, during 10 flights from 12 January through 2 February 2003. We
simulated LOS ozone by forward integration along the line of sight through homoge-
neous and inhomogeneous ozone fields as the basis for comparison of LOS ozone.
Three different cases were considered (see Fig. 1 for detailed descriptions). The first
two assumed a spatially homogeneous atmosphere, with vertical profiles along the
DC-8 flight tracks based primarily on (1) lidar profiles (augmented with in situ measure-
ments) and (2) vertical ozone profiles interpolated to the DC-8 flight tracks from 3-D
O3-PV proxy fields. A third case incorporating ozone spatial inhomogeneity was also
examined, based on (3) integration through the 3-D proxy fields, capturing the actual
spatial inhomogeneity of the ozone along the line of sight.

In comparison with DIAS LOS ozone column measurements, the homogeneous, pri-
marily lidar-based Case 1 simulations were reasonably good, with biases on the order
of —6% on average, but with deviations of over 10% at the largest LOS column densi-
ties. The bias was improved modestly in comparison with homogeneous proxy-based
Case 2 simulated LOS ozone. The inhomogeneous Case 3 simulation by integra-
tion of 3-D proxy fields, however, agreed better still, with a bias of less than —2% on
average. The excellent agreement with the inhomogeneous simulation provides inde-
pendent verification of the ozone proxy. Further, although small-scale inhomogeneities
are undetermined in the context of SOLVE Il LOS measurements, accounting for the
large-scale gradients in the ozone field quantifies the discrepancy in this dataset that
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can arise when assuming a spatially homogeneous ozone field.

These results clearly suggest that high-latitude inhomogeneity needs to be con-
sidered in ozone intercomparisons. Homogeneity errors can also potentially impact
satellite retrievals. Although the improvements afforded by accounting for the true in-
homogeneity of the ozone field may not be overwhelming (a 6-t0-2% improvement in
the context of the present study), errors in assuming spatial homogeneity of the atmo-
sphere are very significant relative to the total errors in state-of-the-art measurements.
For example, intercomparisons between satellite ozone measurements and ozoneson-
des are now routinely at the 5%-or-better level at many altitudes (Randall et al., 2003).
Occultation, limb, and nadir (with solar illumination along a long slant path) retrievals,
virtually all of which assume spatial homogeneity, will experience errors resulting from
ozone gradients. These errors translate into systematic biases when viewing directions
are in similar ozone gradient directions, as is the case, for example, with SAGE II/1ll
solar occultation and TOMS/OMI nadir measurements in the vicinity of the polar vortex
edge, which always view direct or back-scattered Sun light from “down-gradient”

Several approaches seek to overcome problems associated with the homogeneity
assumption. The first is the direct, two-dimensional (tomographic) retrieval of spatial
inhomogeneities, which is possible when a satellite instrument makes consecutive limb
scans in the orbit plane. Livesey and Read (2000) developed a general 2-D retrieval for
the Aura/MLS instrument, with similar applicability to the Aura/Tropospheric Emission
Spectrometer (TES) and Aura/High Resolution Dynamics Limb Sounder (HIRDLS).
Two-dimensional tomography has also been applied to the Odin/OSIRIS infrared im-
ager (Degenstein et al., 2004, 2003). Similar developments are ongoing in the con-
text of Envisat (e.g., Ridolfi et al., 2000; Stiller et al., 2002). These 2-D tomographic
approaches are limited, however, in that they require the multiple observations to be
made in the same (orbit) plane, which limits the geographic coverage available.

Formal data assimilation, trajectory mapping, and reverse domain filling techniques
have also been used to reconstruct three-dimensional fields (e.g., ozone) from sparse
datasets, including satellite measurements. Alternatively, when the species of interest
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is relatively long-lived and is correlated with another tracer (e.g., potential vorticity), it
is possible to map measurements of the species to another region of the atmosphere
where the correlated tracer is known in an efficient manner (see Sect. 2.3 for a de-
scription of the O3-PV reconstructions used in this study). These various techniques
can be used to map measurements into a region with a strong gradient, but the in-
put measurements may have suffered from inhomogeneity issues themselves, and the
transformations are further limited by the model and tracer correlation accuracies.

The results of this study underscore the need, depending on the desired measure-
ment accuracy, for more sophisticated satellite retrievals that properly account for the
inhomogeneity of the atmosphere. We are currently evaluating the impact of inhomo-
geneity on satellite inversions. On-going efforts to validate the instruments on-board
Aura (for example) will be limited by inhomogeneities under certain circumstances, and
errors associated with horizontal gradients may be comparable to the required accu-
racy of in situ measurements for validation.
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Table 1. All-flight statistical agreement between various simulations and DIAS line-of-sight
0zone measurements.

Simulation Mean bias'  rms? error
Case 1 (homo-lidar) -6.5% 10.3%
Case 2 (homo-proxy) -5.2% 9.5%
Case 3 (inhomo-proxy) -1.7% 7.7%

! Mean relative difference.
2 Root-mean-squared (rms) relative error (difference).
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Fig. 1. Graphic representation of the three types of ozone profiles used to build the ozone
fields in the simulations. Each profile is constructed by combining data from various sources
from difference altitude regions at the location of the DC-8, as indicated. For Case 2, the 3-
D ozone proxy field is interpolated to the DC-8 flight track to yield a vertical profile, assumed
to be spatially homogeneous. In inhomogeneous Case 3, the situation is similar, except that
the profile varies along the LOS, interpolated from the full three-dimensional proxy field (this
variable Case-3 profile is projected onto the local vertical for the profile comparison example
on the left of the figure, which is from the 26 January 2003 DC-8 flight).
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Fig. 2. Integration of the 3-D proxy ozone field. A 2-D curtain plot of ozone number density is
oriented along the solar line of sight (SZA=90°, roughly to the south) with the range indicated
along the abscissa from a point along the DC-8 flight track on 26 January 2003, (71° N, 25° W)
— the same point from which the profiles in Fig. 1 are derived. The DC-8 was at an altitude
of 11 km (indicated with a red diamond on the ordinate). Black-on-white solid circles spaced
every 2.5km in the vertical above the DC-8 indicate the path of the line of sight through the
atmosphere. The areas of the solid circles are proportional to the ozone absorption contribution
function (ozone density x geometric weighting) in the 2.5-km layer. The white solid circles
correspond to the inhomogeneous Case 3 integration of the proxy field. The black, overlying
solid circles correspond to the differences between the Case 3 and homogeneous Case 2
(Case 3—Case 2) integrations of the proxy field, the latter assuming a uniform, homogeneous
field based on the vertical, 1-D interpolation of the proxy at the DC-8 location. The ozone total
slant column density for the Case 3 (Case 2) simulation is 2.31x10%° (2.07x10%°)cm™2.
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Fig. 3. Line-of-sight ozone com-
parison of simulations and DIAS
measurements for 10 flights
during 12 January-2 Febru-
ary 2003: (a) homogeneous
Case 1 simulation, (b) inho-
mogeneous Case 3 simulation,
and (c) absolute bias in vari-
ous simulations vs. DIAS mea-
surements. In (@) and (b),
blue lines indicate 0, £20% dif-
ferences, and the mean (bias)
and root-mean-square relative
simulation-measurement differ-
ences are noted (see Table 1 for
summary). In (c), the absolute
bias is shown as a function of
measured LOS ozone, with ver-
tical whiskers showing the rms
absolute errors (which are sim-
ilar for the two homogeneous
simulations; only the Case 1 er-
rors are shown).
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Fig. 4. Example of line-of-sight ozone inhomogeneity: 26 January 2003 DC-8 flight. (a) Ge-
ographic location of the DC-8 flight track and the points of maximum ozone absorption along
the lines of sight (weighted by LOS geometric factors and not necessarily corresponding to
the ozone profile peak) at each point along the flight track, superimposed on the proxy ozone
field at 500K potential temperature. Three solar-illuminated legs of the flight are labeled. In
each case, the aircraft was traveling from east to west. (b) Measured and simulated (forward-
integrated) LOS ozone above the DC-8 altitude are shown along the three flight legs (labeled).
The total LOS ozone column above the aircraft (o), that above the floor (lowest altitude) of the
proxy field (o), and at altitudes between the aircraft and proxy floor (+) are indicated. Data have
been averaged in 2-minute intervals to improve legibility.
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Fig. 5. Example of ozone inhomogeneity (including sub-grid-scale effects): 19 January 2003
DC-8 flight. Otherwise same as Fig. 4.
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