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Abstract. Direct observation of the Sun at large solar zenith
angles during the second SAGE III Ozone Loss and Val-
idation Experiment (SOLVE II)/Validation of International
Satellites and study of Ozone Loss (VINTERSOL) cam-
paign by several instruments provided a rich dataset for the
retrieval and analysis of line-of-sight column composition,
intercomparison, and measurement validation. A flexible,
multi-species spectral fitting technique is presented and ap-
plied to spectral solar irradiance measurements made by the
NCAR Direct beam Irradiance Atmospheric Spectrometer
(DIAS) on-board the NASA DC-8. The approach allows for
the independent retrieval of O3, O2·O2, and aerosol optical
properties, by constraining Rayleigh extinction. We exam-
ine the 19 January 2003 and 6 February 2003 flights and
find very good agreement of O3 and O2·O2 retrievals with
forward-modeling calculations, even at large solar zenith an-
gles, where refraction is important. Intercomparisons of re-
trieved ozone and aerosol optical thickness with results from
the Ames Airborne Tracking Sunphotometer (AATS-14) are
summarized.

1 Introduction

For over a century, the composition of Earth’s atmosphere
has been inferred from the atmospheric transmission of
stellar, lunar, and solar light. Many ground-based instru-
ments have been developed for the measurement of ozone,
NO2, and other trace gas column densities using direct-
attenuated and scattered ultraviolet (UV)/visible light (e.g.,
Dobson, 1957; Brewer, 1973; Pommereau and Goutail, 1988;
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Roscoe et al., 1994). These instruments exploit differential
transmission that results from the spectral features of con-
stituent absorption cross sections. Modern moderate- and
high-resolution spectrometers have been used in numerous
ground-, balloon-, aircraft-, and space-based applications.

The second SAGE III Ozone Loss and Validation Exper-
iment (SOLVE II)/Validation of International Satellites and
study of Ozone Loss (VINTERSOL) campaign, based in
Kiruna, Sweden during January–February 2003, comprised
coordinated measurements at high northern latitudes using
the NASA DC-8 aircraft, balloon platforms, and ground-
based instruments. One of the major scientific objectives
of the campaign was validation of the Stratospheric Aerosol
and Gas Experiment (SAGE) III solar occultation satellite in-
strument, which measures ozone and aerosols based on their
spectral attenuation of direct solar irradiance (NASA, 2002).
A number of species, including ozone and aerosols, were
measured by a suite of spectrometers and photometers on
board the DC-8 making direct solar observations, providing
correlative data for intercomparison and satellite validation.

Simultaneous retrieval of ozone, aerosols, and other con-
stituents along the solar line of sight (LOS), particularly at
large solar zenith angles (SZAs), requires accurate deter-
mination of Rayleigh extinction and is complicated by the
wavelength-dependent refractive bending of the solar flux
(Yee et al., 2002). Yee et al. and DeMajistre and Yee
(2002) developed a multi-spectral fitting technique for the
retrieval of ozone from satellite stellar occultation measure-
ments. This technique was used during the first SOLVE cam-
paign to determine ozone loss within the polar vortex (Swartz
et al., 2002) and has been intercompared with other satel-
lite, aircraft, and ground-based measurements (Vervack et al.,
2003; Newman et al., 2002; Grant et al., 2003).
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In this paper, we adapt the multi-wavelength/multi-species
retrieval used in the stellar occultation technique to retrieve
slant column O3 and O2·O2 (also referred to as “O4” in the
literature) densities and aerosol optical thickness (AOT, and
its wavelength dependence) from NCAR Direct beam Irra-
diance Atmospheric Spectrometer (DIAS) solar irradiance
data from the DC-8 during SOLVE II. The retrievals are
available for intercomparison with SAGE III and with in-
struments co-manifested on the DC-8. Intercomparisons of
retrieved ozone and AOT with results from the Ames Air-
borne Tracking Sunphotometer (AATS-14) instrument are
summarized here and presented in more detail elsewhere
(Livingston et al., 2005; Russell et al., 2004). Further, this
work forms the foundation upon which we can use other
data, both in situ aircraft (e.g., lidar) and analyses of satellite
datasets (e.g., three-dimensional ozone fields reconstructed
from proxy maps (Randall et al., 2005)), to evaluate the im-
pact of ozone LOS spatial inhomogeneity on satellite re-
trievals (manuscript in preparation, “Y05-ms”1).

2 Solar spectral irradiance and composition retrieval

2.1 Irradiance model

The direct solar spectral irradianceL◦(λ) incident on an ob-
server is

L◦(λ) = L∞(λ) exp

−

∫ Sun

observer

species∑
i=1

σi(λ, sλ)ni(sλ)

 dsλ

 ,

(1)

whereL∞ is the extraterrestrial (ET) solar irradiance,σi and
ni are the extinction cross section and the number density for
speciesi, respectively, andsλ is the wavelength-dependent,
refracted line-of-sight slant path from the observer to the
Sun at wavelengthλ. The vertical density gradient of the
atmosphere causes refraction, particularly at altitudes below
the mid-stratosphere, which bends the light path, with short
wavelengths bent more than longer wavelengths.

Depending on the wavelength range under consideration,
numerous species attenuate the transmitted spectral solar
flux, including molecular (Rayleigh) scattering, primarily by
N2 and O2, absorption by O2, O3, O2·O2 collisional pairs,
NO2, BrO, OClO, and SO2, and extinction by clouds and
aerosols. Integration in Eq. (1) along the line-of-sight path
gives

L◦(λ) = L∞(λ) exp

−

species∑
i=1

σeff
i (λ)Ni(λ)

, (2)

1Yee, J.-H., Swartz, W. H., DeMajistre, R., Shetter, R. E., Ran-
dall, C. E., and Lloyd, S. A.: Effects of field inhomogeneity on
high-latitude ozone retrievals from spaceborne remote sensing mea-
surements, (Y05-ms), in preparation, 2005.

whereσeff
i andNi are the wavelength-dependent effective

cross section and LOS column abundance of speciesi, re-
spectively. Cross sections vary along the light path as temper-
ature and pressure change, but an “effective” value may be
determined at any particular wavelength, based on the tem-
perature/pressure along the LOS path, weighted by the rela-
tive strength of the absorption.Ni is wavelength-dependent,
because the refracted light path varies with wavelength, but
this wavelength dependence is negligible except at very large
SZAs.

The measured irradiance,Lmeas, depends on the charac-
teristics of the observer instrument, including its wavelength
range, spectral slit function, and sampling spectral resolu-
tion. Lmeasat each wavelengthj is

Lmeas(λj ) =

∫
∞

−∞

[
L◦(λ) + L∗(λ)

]
fλj

(λ − λj ) dλ, (3)

whereL∗ is the integrated radiance scattered into the instru-
ment field of view (FOV) andfλj

(λ − λj ) is the instrument
line shape function (theλj dependence off results from
the fact that the instrument line shape can vary with wave-
length). It should be noted that there is no instrument that
measures only the direct solar irradiance. All measurements
include light that is scattered into the finite instrument FOV
by Rayleigh (molecular) and Mie (aerosol) processes. How-
ever, with a sufficiently small instrument FOV, most of the
scattered radiation field can be rejected, andLmeasis domi-
nated byL◦:

Lmeas(λj ) ≈

∫
∞

−∞

L◦(λ) fλj
(λ − λj ) dλ. (4)

The present analysis will focus on the approximation Eq. (4).
A careful knowledge of the instrument characteristics is es-
sential for the accurate retrieval of composition from irradi-
ance measurements.

2.2 Retrieval techniques

Although early work in the retrieval of atmospheric compo-
sition from differential transmission inferred optical depth
based on comparisons of pairs of wavelengths corresponding
to relative maxima and minima in absorption (e.g.,Dobson,
1957), moderate- and high-resolution spectrometers pro-
vide more complete spectral information, allowing multiple
species to be simultaneously measured with high accuracy
and precision.

An effective technique commonly employed today for
the retrieval of atmospheric composition from spectral flux
measurements is differential optical absorption spectroscopy
(DOAS) (e.g., Noxon, 1975; Platt, 1994, and references
therein). DOAS extracts information from relatively narrow
spectral absorption features after broad features, such as from
Rayleigh and aerosol extinction, have been removed. The
“differential” spectrum is obtained by first dividing the mea-
sured flux spectrum by a reference spectrum with none (or
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at most much less) of the species of interest present, which
reduces spectral interferences (e.g., Fraunhofer lines in the
solar spectrum). The resultant spectrum is therefore com-
posed of narrow absorption features (e.g., due to ozone) su-
perimposed on a slowly varying background largely due to
Rayleigh and aerosol scattering, which can then be high-pass
filtered in wavelength space to isolate the spectral “finger-
prints” of the desired species. Differential laboratory ab-
sorption spectra are finally fitted to the differential measured
spectrum to yield column densities of the atmospheric con-
stituents of interest (for an example, seeRoscoe et al., 1994).

The effect of stratospheric aerosol extinction can be quite
pronounced in solar LOS spectra at large solar zenith angles
(see Fig.1). Aerosol extinction is to first order a slowly vary-
ing function of wavelength. Although DOAS is a powerful
technique for retrieving species with narrow spectral features
(e.g., O2·O2, if it were of principal interest, would perhaps be
more easily retrieved from its weak absorption using DOAS),
a limitation is that information from broad band extinction is
lost. In the next section, we describe a multi-species absolute
spectral fitting technique that allows us to simultaneously re-
trieve ozone, AOT, and other species, based on both narrow
and broad spectral information.

2.3 Multi-wavelength/multi-species composition retrieval
technique

We have developed a flexible technique for the simultaneous
fitting and retrieval of multiple contributions to the attenua-
tion of the direct solar irradiance, based on the work ofYee
et al.(1991). This multi-wavelength/multi-species technique
has also recently been applied to the retrieval of ozone from
satellite-based stellar occultation measurements (Yee et al.,
2002; DeMajistre and Yee, 2002).

The essence of the retrieval technique used in this study is
the iterative comparison of a simulated irradiance spectrum
with the measured spectral irradiance. In each iteration, fit-
ted parameters (e.g., LOS O3, O2·O2, AOT) are adjusted to
minimize the spectral differences, using a standardχ2 min-
imization non-linear least squares fitting technique.χ2 is
defined as

χ2
=

1

n

n∑
j=1

(
Lmeas(λj ) − Lcalc(λj )

δ(λj )

)2

, (5)

whereLcalc is the simulated irradiance andδ is the mea-
surement uncertainty (standard deviation) at each ofn wave-
length spectral elementsλj . Fitted parameters may also
include the wavelength dependence of aerosol extinction,
which can be simplified over limited wavelength ranges as

AOT(λ) ∝

(
λ

λ0

)−α

, (6)

where AOT is the aerosol optical thickness,λ0 is a reference
wavelength, andα is theÅngstr̈om exponent (e.g.,Shifrin,
1995).
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Fig. 1. Simulated line-of-sight transmission spectra. The
DIAS spectral transmission was simulated for the following con-
ditions: altitude=12 km, SZA=90◦, temperature=221 K, column
density=1.4×1026cm−2, column O3=2.5×1020cm−2, column
O2·O2=2.8×1043O2 molecules2cm−5, AOT (at 400 nm)=0.41,
and αeff=2.1 (line-of-sight quantities). The transmission spectra
of the individual species are also included.

The conditions of the experiment determine which param-
eters can be reasonably retrieved. In general, our ability to
retrieve composition from irradiance measurements is depen-
dent on the quantification of several factors: the characteris-
tics of the instrument, light source (e.g., knowledge of the
extraterrestrial flux), molecular parameters (e.g., absorption
cross sections), and geophysical parameters (if not retrieved,
e.g., atmospheric density and temperature). It is therefore de-
sirable to determine and know a priori each of these factors
as well as possible. Effects not accounted for (e.g., cloud ex-
tinction) can pose further limitations but can be neglected if
their effects are small.

In principle, if the wavelength range of the measured spec-
trum is large, many different species can be retrieved simul-
taneously. Even the effective wavelength dependence of the
aerosol extinction along the LOS path,αeff, can be indepen-
dently retrieved with a sufficiently long wavelength “lever
arm.” When the spectral range is limited (either by the in-
strument spectral coverage or because of the disappearance
of the UV signal at large SZAs), however, the short lever arm
can mean that it is difficult to distinguish multiple contribu-
tions to the extinction that manifest themselves as smoothly
varying functions of wavelength, such as Rayleigh scattering
and AOT (one appears to be a DC offset of the other), and it
becomes necessary to constrain one of them.

The specific implementation of the retrieval technique to
SOLVE II DIAS measurements is described in Sect.3.2.
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Table 1. DC-8 flight dates and time ranges of DIAS solar irradiance
spectra during SOLVE II.

Date1 Start time2 Stop time2 No. of spectra

12 Jan. 2003 10:09:14 12:01:44 101
14 Jan. 2003 09:47:44 12:15:44 126
16 Jan. 2003 09:46:44 11:22:14 98
19 Jan. 2003 08:34:14 13:42:44 274
21 Jan. 2003 14:36:44 17:05:44 294
24 Jan. 2003 09:49:14 11:59:44 120
26 Jan. 2003 11:50:44 13:46:44 179
29 Jan. 2003 10:16:44 11:43:44 92
31 Jan. 2003 09:37:44 10:39:14 71
02 Feb. 2003 09:59:14 12:47:44 206
06 Feb. 2003 14:43:14 16:18:14 181

1 All dates in dd/mm/yyyy format.
2 All times in hh:mm:ss UT format.

3 SOLVE II experiment description

3.1 Direct beam Irradiance Atmospheric Spectrometer

3.1.1 Instrument description

The NCAR Direct beam Irradiance Atmospheric Spectrom-
eter instrument is a scanning spectroradiometer designed
to determine the direct solar UV and visible irradiance
from 290 to 630 nm with roughly 1-nm resolution (resolu-
tion comparable to SAGE III). The instrument comprises
three subsystems: a narrow–field-of-view optical collector,
a microprocessor-controlled 2-axis gimbal pointing system,
and a scanning double monochromator detection system,
based on an instrument used byShetter and M̈uller (1999)
for spectral actinic flux measurements from aircraft.

The optical collector was set up to view the Sun through a
fused silica optical window mounted on the left side of the
DC-8 aircraft. Although in principle the entire solar disk
could be sampled with a∼0.5◦ field of view, a 3.6◦ DIAS
FOV allows for some inaccuracy and/or short time lags in
the response of the pointing system, without inducing signif-
icant errors in the measurements. Its narrow FOV accepts
the direct solar beam while excluding almost all of the at-
mospherically scattered radiation (L∗ in Eq.3). Under most
circumstances, the contribution from atmospheric scattering
is negligible; the circumstances under which this assumption
breaks down are discussed in Sect.3.2. The collection optic
is mounted to the pointing system at the center of rotation and
is optically connected to the detection system with a flexible
UV fiber optic bundle. The solar tracking system contains a
2-axis gimbal, a position sensing system, and an embedded
controller system (position resolution of 0.004◦). The dou-
ble monochromator detection system employs a fused silica
fiber optic bundle, an f/#-matching optic, an18-m scanning

double monochromator, a UV-sensitive ultra-low dark cur-
rent bialkali photomultiplier, a custom 4-channel electrome-
ter/amplifier, and a rack-mounted data acquisition and con-
trol system.

The FWHM of the double monochromator is∼1.0 nm us-
ing 2400-g/mm gratings and 600-µm entrance and exit slits,
which produces a symmetrical triangular slit function. The
combination of the photomultiplier tube detector sensitivity
and grating efficiency applied to the solar spectrum results
in detectable data between 290 and∼630 nm, which can be
scanned in approximately 30 s. The double monochromator
used has a stray light rejection of>109 (manufacturer spec-
ification). The instrument was calibrated for wavelength-
dependent spectral sensitivity and wavelength registration
in a laboratory calibration system at NCAR using NIST-
traceable irradiance standards and mercury line sources. Cal-
ibrations were also performed in the field through the air-
craft optical window before and after each flight using a
quartz-tungsten-halogen lamp mounted in a calibration op-
tical bench to monitor the instrument sensitivity drift.

For the absolute calibration of the irradiance, the largest
uncertainty arises from the calibration lamp certification
(4.0% in the UV-B range and 3.0% in the UV-A/visible
range). We estimate the precision of the calibration measure-
ments to be approximately 2.0%.

3.1.2 Measurements

The DIAS instrument produced solar irradiance spectra dur-
ing 11 SOLVE II flights. Table1 summarizes the DIAS
flights and the number of solar spectra available for retrieval.

A simulated DIAS transmission spectrum is shown in
Fig.1, for an arbitrary set of SOLVE II conditions. The trans-
mission spectra for the principal sources of atmospheric ex-
tinction are also included for comparison. DIAS data have
sufficient precision to retrieve even O2·O2 (at large SZAs),
despite its small overall contribution to the total extinction.
Absorption features from NO2, BrO, and OClO, however,
were too small (<1%) to discern under these conditions.

3.2 Retrieval implementation

The DIAS spectral simulator (forLcalc) was based on the ex-
traterrestrial solar irradiance, temperature-dependent absorp-
tion cross sections, temperature, LOS column amounts of to-
tal density (for Rayleigh scattering), O3, and O2·O2, AOT,
αeff, and the DIAS instrument spectral line shape, as shown
in Fig. 2. The flow chart shows schematically how our re-
trieval was typically applied during SOLVE II to DIAS so-
lar irradiance measurements for the retrieval ofNO3, NO2·O2,

AOT, andαeff(LOS composition profiles were not iterated in
the retrieval).

The DIAS field of view is generally dominated by the di-
rect solar irradiance in the visible and near-UV. As the Sun
nears the horizon, however, atmospheric scattering into the
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Fig. 2. Flow chart showing the algorithmic steps taken to retrieve line-of-sight composition. In this particular case, O3, O2·O2, and the aerosol
optical thickness and effective̊Angstr̈om exponentαeff are the free parameters to be fit. The process begins with spectral simulation, based
on initial guesses (which need not be accurate) of the quantities to be retrieved, geophysical constraints, and instrument spectral simulation.
The calculated spectrum is compared with the actual measured spectrum, and the free parameters are adjusted. Standardχ2 minimization
of the non-linear least squares fit is used to achieve convergence of the retrieval parameters.N( ) denote LOS column abundances of the
indicated species, including total densityN(M); T is the temperature; andLcalc and Lmeasare the calculated and measured spectral
irradiance, respectively.

instrument (L∗ in Eq.3) becomes increasingly significant at
UV wavelengths, at the same time ozone absorption removes
more and more of the direct solar signal. Radiative transfer
modeling, using the MODTRAN3 model (Berk et al., 1989),
suggests that atmospheric scattering into the DIAS 3.6◦ FOV
is comparable to or greater than the direct solar component
at wavelengths shorter than 320 nm at 90◦ SZA, at DC-8 al-
titudes. We therefore elected to only use wavelengths longer
than 320 nm in this analysis, and we do not model enhance-
ment to the DIAS irradiance measurements due to atmo-
spheric scattering into the instrument field of view.

The wavelength range for the retrieval, 320–630 nm, was
not sufficient to reliably separate Rayleigh extinction and
αeff, so it was necessary to constrain one of them. We chose
to constrain the total density along the LOS path (which
determines the Rayleigh extinction), which can be readily
and accurately modeled using meteorological analyses (e.g.,
UKMO). The contribution of Rayleigh extinction to the total
irradiance attenuation, however, is significant (see Fig.1). It
is important to note that small errors in the density can lead
to increased errors in the retrieval of lesser absorbers (e.g.,
AOT andαeff, see Sect.4.5.2). It is therefore critical that
the calculated SZA and refracted light path be accurate. We
note that the selection of the initial guesses for the free pa-
rameters can be somewhat arbitrary, since the algorithm is
relatively insensitive to the initial guesses, and convergence
can be attained usually within three iterations.

At SZAs less than about 87◦, most of the ozone informa-
tion in the retrieval comes from the Huggins bands in the UV;
at larger SZAs, the Chappuis bands become relatively more
important and dominate at SZA>90◦, as UV transmission
becomes negligible. The retrieval technique automatically
weights contributions from these two regions by their mea-
surement precision.

3.2.1 Molecular and geophysical data used in the retrieval

The specific molecular and geophysical data used in the re-
trieval are listed in Table2. Since the vertical structure of
the atmosphere was relatively isothermal in the vicinity of
the DC-8 during SOLVE II, and since the greatest contribu-
tion to the ozone slant column came from the lower strato-
sphere, often within a few kilometers of the aircraft altitude,
the in situ aircraft temperature was used for the O3 and O2·O2
cross section calculations. For the column density constraint,
we first interpolated the daily UKMO reanalysis (Swinbank
and O’Neill, 1994) meteorological density fields (calculated
from temperature fields gridded at 3.75◦ longitude×2.5◦ lat-
itude at 18 pressure levels from 1000 to 0.4 mb) to the air-
craft positions along the flight track for each day. The re-
fracted, wavelength-dependent line-of-sight path of the solar
beam was then computed for all DIAS wavelengths (seeYee
et al., 2002; DeMajistre and Yee, 2002; Vervack et al., 2002).
The atmosphere was assumed to be spatially (horizontally)

www.atmos-chem-phys.org/acp/5/611/ Atmos. Chem. Phys., 5, 611–622, 2005
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Table 2. Retrieval extraterrestrial solar irradiance, molecular parameters, and other geophysical input data.

Data Source

ET solar irradiance:
320–420 nm ATLAS (Kaye and Miller, 1996; Woods et al., 1996)1

420–630 nm MODTRAN3 (Berk et al., 1989)

Cross sections:
Rayleigh scattering Bodhaine et al.(1999)2

O3 MODTRAN3 (Berk et al., 1989)3

O2·O2, λ<460 nm Greenblatt et al.(1990)
O2·O2, λ≥460 nm Newnham and Ballard(1998)4

Geophysical constraints:
Column density UKMO reanalysis (Swinbank and O’Neill, 1994)
Temperature in situ

1 Shifted to air wavelengths.
2 UsingBodhaine et al.’s “best-fit” Eq. (29), which is reported as being accurate to better than 0.01% over 250–850 nm.
3 Temperature-dependent cross sections; derived fromBass and Paur(1985) at UV wavelengths and from a measurement compilation by
Shettle and Anderson(1995) in the visible.
4 Cross sections measured at 223 K used for temperatures less than 223 K; cross sections at higher temperatures linearly interpolated
between determinations at 223 and 283 K. Data were smoothed to reduce noise in the original measurements.

homogeneous along the LOS at each point along the flight
track, and the refracted path was used to interpolate the ver-
tical profile to yield LOS total density. The wavelength-
dependent total column density was then used to calculate
Rayleigh extinction and constrain the retrieval.

3.2.2 Sample retrieval and comparison with measured
spectra

Several fitted spectra from the 6 February 2003 flight in
Fig. 3 show the goodness of the retrieval fit. The transmis-
sion spectra at five SZAs are shown, ranging from 78◦ to 92◦.
The fit is excellent, even in the near-UV and when the Sun
was barely above the horizon, demonstrating the quality of
the DIAS irradiance measurements and the robustness of the
fits. At 92◦, the deviations at the shortest wavelengths are
possibly due to a combination of factors, including impre-
cise wavelength registration with the temperature-dependent
ozone cross sections, signal-to-noise limitations, and atmo-
spheric scattering into the DIAS field of view (see Sect.4.5.2
for further discussion of retrieval accuracy). The retrieval
technique is weighted by the measurement precision (i.e.,
noise) in the formulation ofχ2 (see Eq.5); thus the signal
from the diminished-UV region (and its relatively larger er-
ror) contributes less to the fit at large SZAs, and the retrieved
parameters are determined by the visible part of the spec-
trum.

4 Results

In this section we compare the retrieval results from two
flights, 19 January 2003 and 6 February 2003, with forward-
modeling calculations and then present statistical results
from six science flights, including intercomparison with
AATS-14. Because of the wavelength-dependent effects of
refraction, the true slant (LOS) column quantities are func-
tions of wavelength (see Sect.2.1), most significantly at
the largest SZAs. Therefore, the retrieved LOS O3 and
O2·O2 presented are arbitrarily referenced to the 320-nm re-
fracted light path (in the ozone Huggins bands). The differ-
ence between SOLVE II retrievedNO3 referenced to 320 nm
and 600 nm is small, however, less than 1%. Although we
retrieved the AOT as a function of wavelength, the AOT val-
ues presented in this paper are referenced to 400 nm.

4.1 Forward-modeling of line-of-sight O3 and O2·O2 for
comparison

We forward-modeled the LOS O2·O2 column by simply in-
tegrating(nO2)

2 from the density profile used to constrain
the Rayleigh scattering in the retrieval (see Sect.3.2.1). For
ozone, we used primarily the data collected by other in-
struments on the DC-8. Vertical ozone profiles were con-
structed along the flight track, similar to density. We started
with profiles measured by the Differential Absorption Lidar
(DIAL) instrument (Browell et al., 1998; Grant et al., 1998),
which provided ozone profiles from the lower troposphere
to about 25 km. Since the lidar instrument does not report
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Fig. 3. Goodness of fits.(a) DIAS transmission spectra at five
SZAs, 78◦–92◦, from 6 February 2003 DC-8 flight, with fitted
spectra overlaid.(b) Relative transmission difference, (DIAS/fitted
spectra)−1, with the same SZA color-coding as (a).

ozone within about 1 km of the DC-8 altitude, we vertically
interpolated the profile to the in situ ozone measurements
made by the chemiluminescent “FASTOZ” instrument (http:
//cloud1.arc.nasa.gov/solveII/instrumentfiles/O3.pdf), simi-
lar to that used bySwartz(2002) to constrain ozone profiles
during the first SOLVE mission. Temporal gaps were inter-
polated. Above the lidar profiles, we added the closest solar
occultation profile measured by the Polar Ozone and Aerosol
Measurement (POAM) III (Lumpe et al., 2002), from∼25 to
60 km. Above 60 km (and also very close to the surface, be-
low the lidar profiles), the MODTRAN (Berk et al., 1989)
sub-Arctic winter ozone profile was used, but the contribu-
tion at this altitude is insignificant. These ozone profiles were
integrated as was density to yield wavelength-dependent col-
umn ozone.

4.2 19 January 2003 DC-8 flight

The 19 January 2003 DC-8 flight was chosen for a case study
because it was located in the heart of the SOLVE II study re-
gion over Scandinavia, and it was designed to coincide with
both SAGE III and POAM III occultations. It provided many
DIAS spectra at a range of SZAs. The flight also scanned

8 9 10 11 12 13 14
0.0

0.5

1.0

1.5

2.0

2.5

LO
S

 O
3 

(1
020

 c
m

−
2 )

75

80

85

90

95

S
Z

A
 (

˚)

(a) O3

Model
Retrieval
Solar Zenith Angle

8 9 10 11 12 13 14
0.0

0.5

1.0

1.5

2.0

2.5

LO
S

 O
2·

O
2 

(1
044

 O
2 

m
ol

ec
ul

es
2  c

m
−

5 )
75

80

85

90

95

S
Z

A
 (

˚)

(b) O2·O2

8 9 10 11 12 13 14
0.0

0.2

0.4

0.6

0.8

1.0

LO
S

 A
er

os
ol

 O
pt

ic
al

 T
hi

ck
ne

ss

75

80

85

90

95

S
Z

A
 (

˚)

(c) AOT

8 9 10 11 12 13 14
Time (h UT)

0

2

4

6

LO
S

 α
ef

f

75

80

85

90

95

S
Z

A
 (

˚)

(d) αeff

Fig. 4. Retrieved line-of-sight (slant) column(a) O3, (b) O2·O2,
(c) aerosol optical thickness at 400 nm, and(d) effectiveÅngstr̈om
exponentαeff, for the 19 January 2003 DC-8 flight. Modeled O3
and O2·O2 are also shown for comparison. Each panel also includes
the SZA at the aircraft along the flight track (in blue).

ozone and aerosols through the polar vortex boundary re-
gion. Figure4 shows the retrieved LOS quantities from the
19 January 2003 flight, along with forward-modeled O3 and
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Fig. 5. Same as Figs.4a–c, except for the 6 February 2003 flight.

O2·O2. The strong SZA-dependence of the slant columns is
evident. (No attempt is made in this paper to infer vertical
column amounts, but we rather focus entirely on the mea-
sured slant column. Inference of vertical columns requires
additional assumptions and leads to more uncertainty.) Com-
parisons of retrieved ozone (and AOT) with AATS-14 are in
excellent agreement and track very closely (not shown; see
statistics in Sect.4.4; Livingston et al., 2005; Russell et al.,
2004). The model–retrieval ozone agreement is in general
quite good. It is important to note that, just like LOS satel-
lite retrievals, the forward model assumes spatial (horizontal)
homogeneity, which can be a significant source of error, es-
pecially in the vicinity of the vortex edge region, where there
are marked ozone gradients. The repeating discrepancies in
the first half of the flight are likely due to inhomogeneities.
AOT at the smallest SZAs gets relatively thin, and thusαeff

becomes quite uncertain. At large SZAs, as the LOS passes
through the troposphere, attenuation of the UV shortens the

wavelength lever arm, also makingαeff difficult to retrieve.
At intermediate SZAs, however, theαeff is routinely close to
2.

4.3 6 February 2003 DC-8 flight

The results for the 6 February 2003 flight are shown in Fig.5.
This flight was a transit from Kiruna, Sweden to NASA Dry-
den Flight Research Center in California, USA. DIAS data
are available after sunrise, over the western United States.
The flight covers a continuous range of SZA and is far from
the Arctic, in contrast to the 19 January 2003 flight. The
slant column ozone peaks at 90◦. The agreement between
the retrieved and modeled ozone is good, especially at SZAs
smaller than 88◦. Closer to sunrise, there is a more no-
table discrepancy. The strong SZA dependence in O2·O2 is
also apparent, which is in good agreement with the forward
model. The AOT is very small at 80◦ SZA, andαeff was dif-
ficult to retrieve for most of the flight, due to the small slant
AOT.

4.4 SOLVE II intercomparison statistics

The DIAS LOS O3 retrieval results from six flights, 19 Jan-
uary 2003–2 February 2003, are shown in Fig.6 in compar-
ison with both forward-modeled calculations and retrievals
made by AATS-14. The model has a−9.6% mean relative
difference as compared to the DIAS measurements, with a
root-mean-square (rms) relative difference of 12.5%. DIAS–
model discrepancies may be due to errors in the meteorologi-
cal analyses or ozone inhomogeneity not captured by the ver-
tical profiles used in the forward model. We have found that
a three-dimensional forward model that does not rely on the
assumption of spatial homogeneity, using O3–potential vor-
ticity proxy-mapped 3-D fields, produces calculations with
less bias and rms noise (Y05-ms). The comparison with
AATS-14 is excellent, with a−1.6% mean relative difference
and 2.1% rms relative difference (see alsoLivingston et al.,
2005). Similar analysis of the retrieved AOT at 400 nm has
found a DIAS–AATS mean difference of−2.3% (rms 7.7%)
(Russell et al., 2004).

4.5 Error assessment of the DIAS retrieval during
SOLVE II

4.5.1 Retrieval precision

The retrieval precision, based on DIAS measurement photon
statistics, was on the order of 1% for O3, 60–5% for O2·O2,
4–1% for AOT, and 4–15% forαeff, for the 83◦–91◦ range
of SZAs found in the 19 January 2003 flight, respectively.

4.5.2 Retrieval accuracy

There are several sources of systematic error in the re-
trieval of column composition from direct solar irradiance
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measurements that need to be considered, relating to the
DIAS instrument and other geophysical parameters and con-
straints. These will be addressed in turn as follows. In some
cases, we determined the retrieval’s sensitivity to various er-
rors by perturbing its input data accordingly.

A source of light not attributed to the direct solar irradi-
ance is atmospheric scattering into the DIAS field of view
(L∗ in Eq. 3). Finite scattering contamination in the UV at
large SZAs could impact the retrieval by effectively increas-
ing the apparent direct transmission. This would reduce the
apparent AOT at the short-wavelength end of the spectrum.
Modeling calculations of the DIAS 3.6◦ FOV suggest that
limiting the retrieval to wavelengths longer than 320 nm (as
in this analysis) renders the influence generally negligible
(see Sect.3.2). The effect of minor atmospheric scattering
contamination at wavelengths greater than 320 nm has also
been minimized since the retrieval weighting is already small
under these low–signal-to-noise conditions. This small effect
could be reduced by further limiting the wavelength range of
the retrieval at very large SZAs.

Stray light rejection, especially in the near-UV, where the
solar radiation is changing by orders of magnitude over a
short wavelength range, coupled with a photomultiplier tube
that is more sensitive to visible photons, is a factor that must
be considered with all UV/visible spectrometers. The DIAS
instrument employs a double-pass monochromator with a
manufacturer-specified stray light rejection of>109, to sig-
nificantly reduce instrument “red leak”. DIAS measurement
statistics were not precise enough to completely verify this
level of rejection, but statistically zero signal was observed
below the atmospheric UV cutoff of∼294 nm, suggesting
that red leak was negligible. In any event, limiting the anal-
ysis to wavelengths longer than 320 nm, as discussed above,
would rule out any potential contamination of the UV sig-
nal under low-light conditions, such as at large SZAs. The
uncertainty in the absolute radiometric calibration of the in-
strument is less than 4%, which corresponds to a roughly 1%
effect on the ozone retrieval, since the technique fits ozone’s
spectral features. Wavelength registration errors (air wave-
lengths were used for this analysis), which can produce mis-
matches of sharp spectral features in the extraterrestrial flux
and cross sections, leading to fitting errors, were minimized
by calibration with a mercury emission line source. Finally,
the DIAS spectral simulator relies on knowledge of the in-
strument slit function, which also contains finite error. The
slit function was experimentally determined in the laboratory
with a spectral sampling resolution of 0.1 nm.

The retrieval depends on the measurement accuracy of
the extraterrestrial flux and absorption cross sections of O3
and O2·O2, with their temperature dependencies. The AT-
LAS extraterrestrial flux is now widely preferred in the lit-
erature (Gröbner and Kerr, 2001; Bais et al., 2003) and has
been adopted here as the basis for comparison to infer atmo-
spheric transmission. The ozone cross sections are based on
the in situ aircraft temperature. Differences with the effective
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Fig. 6. Intercomparison of forward-modeled and AATS-14 re-
trieved LOS ozone with DIAS retrieved ozone for six flights, 19
January 2003–2 February 2003.

LOS cross sections will cause an estimated error of less than
5% for SOLVE II conditions. Similarly, the temperature-
dependentNewnham and Ballard(1998) O2·O2 cross sec-
tions were used, which have been preferred in recent work
(seeAcarreta et al., 2004).

The retrieval accuracy also depends on the Rayleigh con-
straint. We used the Rayleigh scattering cross section for-
mulation ofBodhaine et al.(1999), which is reported as be-
ing accurate to better than 0.01% over 250–850 nm. The
Rayleigh constraint, however, depends on the LOS density,
which had to be calculated. The retrieval for the 19 Jan-
uary 2003 flight was run with the density constraint scaled by
±1% and±5%. The results relative to the unscaled case are
shown in Fig.7. It is important to note the normal case with
unscaled density contains error itself, and it is thus not con-
sidered a perfect reference. The results show that for ozone,
a 1% change in the density results in a 0.5% change in re-
trieved ozone near 90◦

∼SZA. The change in O2·O2 is com-
parable, with the largest changes at the largest and smallest
SZAs of the flight (i.e., 92◦ and 83◦). AOT exhibits a uni-
form change approximately 10 times the fractional change in
density. In other words, a 1% change in the density constraint
results in a 10% change in the retrieved AOT. Theαeff is also
very sensitive to the density constraint. In order to accurately
retrieve aerosol optical properties, the density must be accu-
rately known. We integrated the refracted path to the Sun
through same-day UKMO meteorological analyses to deter-
mine the LOS density. The slant column density is heavily
weighted close to the aircraft; the measured in situ density on
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Fig. 7. Relative retrieval sensitivity to changes in the line-of-sight
column density constraint for(a)O3, (b) O2·O2, (c)AOT at 400 nm,
and(d) αeff. Four additional retrievals were performed for the 19
January 2003 flight, with the density constraint perturbed by±1%
and±5%, and the retrieved quantities are compared with the nomi-
nal case (data from Fig.4), binned by the mean SZA of each of the
seven fight legs. Solid dots represent the mean effect in each leg,
with vertical whiskers showing the 1-σ standard deviation (stag-
gered horizontally for clarity).

the DC-8 differed from the meteorological analyses by less
than 0.3% on average, suggesting only small inaccuracies in
the LOS density and retrieved quantities.

In order to correctly integrate the column density, the SZA
and refracted light path must be well known. We have found
that when the Sun is near the horizon, small errors in SZA
(<0.1◦) can result in density errors of a few percent, which
could in turn produce AOT errors on the order of several tens
of percent. Our calculation of SZA is estimated to be better
than 0.005◦.

4.5.3 Special considerations

A final consideration is that of the geophysical variance of
the atmosphere itself along the line of sight, which is an
issue that affects the interpretation of all occultation, limb-
viewing, and nadir satellite measurements. The density con-
straint and the forward model comparisons (O3 and O2·O2)
assumed spatial homogeneity. In reality, however, the re-
trieval included horizontal gradients along the LOSs. This is
particularly relevant to ozone distributions at high latitudes,
where large inhomogeneities are present. There is a press-
ing need to quantify the effects of spatial inhomogeneity on
satellite instrument retrievals as measurement accuracies im-
prove. There is a wealth of aircraft and satellite data collected
during SOLVE II, however, that is currently being analyzed
in order to better characterize errors associated with the ho-
mogeneity assumption (Y05-ms).

5 Summary and conclusions

We have developed a flexible technique for the independent,
simultaneous retrieval of O3, O2·O2, AOT, and effective AOT
wavelength dependence,αeff, from NCAR DIAS direct solar
spectral irradiance measurements on-board the NASA DC-8
during SOLVE II. The approach accounts for the wavelength-
dependent refractive bending of the solar line of sight and is
effective to very large SZAs. The total line-of-sight density
has been constrained, based on integration of meteorological
analyses, but Rayleigh extinction could also be retrieved in
principle from spectra of sufficient wavelength range (wide
enough to distinguish the Rayleigh and AOT wavelength de-
pendencies). We find that the retrieval, especially that of
aerosol optical properties, is sensitive to the total density con-
straint, which needs to be known very accurately.

Statistical comparisons of retrieved ozone and AOT for six
flights, 19 January 2003–2 February 2003, with AATS-14 re-
trievals are in good agreement, with mean relative differences
of −1.6% (rms 2.1%) and−2.3% (rms 7.7%), respectively
(see alsoLivingston et al., 2005; Russell et al., 2004).

Detailed results from the 19 January 2003 and 6 Febru-
ary 2003 flights have been presented, and LOS O3 and
O2·O2 are in good agreement with forward-modeling calcu-
lations, based on the integration of vertical density and ozone
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profiles, the latter based on DIAL lidar, FASTOZ in situ, and
POAM III occultation measurements of ozone. This agree-
ment could be improved if the spatial inhomogeneity of the
atmosphere were accounted for. The total LOS total density
(and O2·O2) could be determined by integration of the three-
dimensional meteorological analyses. Similarly, more realis-
tic LOS ozone could be derived from 3-D ozone fields (Y05-
ms), such as those ofRandall et al.(2005), which have been
shown to accurately capture ozone spatial inhomogeneities.
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