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Abstract. During the 2003 SAGE (Stratospheric Aerosol ozone results, the AATS-14 analyses use airmass factors de-
and Gas Experiment) 1ll Ozone Loss and Validation Exper-rived from the relative vertical profiles of ozone and aerosol
iment (SOLVE) I, the fourteen-channel NASA Ames Air- extinction obtained by SAGE Ill or POAM lll.

borne Tracking Sunphotometer (AATS-14) was mounted on

the NASA DC-8 aircraft and measured spectra of total and \We also compare AATS-14 ozone retrievals for measure-
aerosol optical depth (TOD and AOD) during the sunlit por- ments obtained during three DC-8 flights that included ex-
tions of e|ght science f||ghts Values of ozone column Con_tended horizontal transects with total column ozone data ac-
tent above the aircraft have been derived from the AATS-quired by the Total Ozone Mapping Spectrometer (TOMS)
14 measurements by using a linear least squares methcdd the Global Ozone Monitoring Experiment (GOME)
that exploits the differential ozone absorption in the sevensatellite sensors. To enable these comparisons, the amount
AATS-14 channels located within the Chappuis band. WweOf o0zone in the column below the aircraft is estimated either
compare AATS-14 columnar ozone retrievals with tempo- Py assuming a climatological model or by combining SAGE
rally and spatially near-coincident measurements acquirednd/or POAM data with high resolution in-situ ozone mea-
by the SAGE Ill and the Polar Ozone and Aerosol Measure-surements acquired by the NASA Langley Research Center
ment (POAM) IIl satellite sensors during four solar occulta- chemiluminescent ozone sensor, FASTOZ, during the air-
tion events observed by each satellite. RMS differences aréraft vertical profile at the start or end of each flight. Re-
19 DU (7% of the AATS value) for AATS-SAGE and 10 DU sultant total column ozone values agree with correspond-
(3% of the AATS value) for AATS-POAM. In these checks ing TOMS and GOME measurements to within 10-15DU

of consistency between AATS-14 and SAGE Il or POAM Il (~3%) for AATS data acquired during two flights — a lon-
gitudinal transect from Sweden to Greenland on 21 January,

Correspondence tal. M. Livingston and a latitudinal transect from 4R to 35 N on 6 Febru-
(jlivingston@mail.arc.nasa.gov) ary. For the round trip DC-8 latitudinal transect between
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2036 J. M. Livingston et al.: Retrieval of ozone column content from airborne Sun photometer

34° N and 22 N on 19-20 December 2002, resultant AATS- Research (NCAR) Direct beam Irradiance Airborne Spec-
14 ozone retrievals plus below-aircraft ozone estimates yieldrometer (DIAS) (Swartz et al., 2005; Shetter and Muller,
a latitudinal gradient that is similar in shape to that observed1999).
by TOMS and GOME, but resultant AATS values exceed the AATS-14 obtained measurements during the sunlit seg-
corresponding satellite values by up to 30 DU at certain lat-ments of 12 science flights, including two flights based out
itudes. These differences are unexplained, but they are abf DFRC prior to the deployment to Kiruna and the return
tributed to spatial and temporal variability that was associ-transit flight from Kiruna to DFRC. In this paper, data from
ated with the dynamics near the subtropical jet but was unreeight of these flights have been analyzed in detail to yield
solved by the satellite sensors. spectra of total and aerosol optical depth (TOD and AOD),
For selected cases, we also compare AATS-14 ozone reand to retrieve values of ozone column content above the
trievals with values derived from coincident measurementsDC-8 flight altitude. In a companion SOLVE Il paper (Rus-
by the other two DC-8 based solar occultation instruments:sell et al., 2005), AATS-14 slant transmission and AOD re-
the National Center for Atmospheric Research Direct beantrievals are compared with analogous SAGE Ill, POAM llI,
Irradiance Airborne Spectrometer (DIAS) and the NASA and DIAS measurements. In this paper, we compare AATS-
Langley Research Center Gas and Aerosol Monitoring Sys414 ozone retrieval results with coincident or near-coincident
tem (GAMS). AATS and DIAS retrievals agree to within measurements obtained with the SAGE Ill, POAM (Polar
RMS differences of 1% of the AATS values for the 21 Jan- Ozone and Aerosol Measurement) Ill, TOMS (Total Ozone
uary and 19-20 December flights, and 2.3% for the 6 FebruMapping Spectrometer), and GOME (Global Ozone Moni-
ary flight. Corresponding AATS-GAMS RMS differences toring Experiment) satellite sensors, and with the DC-8 based
are~1.5% for the 21 January flight; GAMS data were not GAMS and DIAS instruments. To our knowledge, this is the
compared for the 6 February flight and were not available forfirst published report of a sub-orbital airborne Sun photome-
the 19-20 December flight. Line of sight ozone retrievalster having been used to retrieve columnar ozone.
from coincident measurements obtained by the three DC-8
solar occultation instruments during the SAGE Ill solar oc-
cultation event on 24 January yield RMS differences of 2.1%2 AATS-14 instrument description
for AATS-DIAS and 0.5% for AATS-GAMS.
The NASA Ames Airborne Tracking Sunphotometer (AATS-
14) measures the direct beam solar transmission in 14 spec-
tral channels from 354 to 2138 nm. AATS-14 azimuth and
elevation motors, controlled by tracking-error signals derived

The second SAGE Ill Ozone Loss and Validation Experi- from a quad-cell photodlod_e, rc_>tate atracking head to_Iock on
to the solar beam and maintain detectors normal to it. Dur-

mgnt (SOLVE 1) was an mtgrngﬂonal measuremept cam ing SOLVE I, the instrument was mounted on the NASA
paign conducted during Arctic winter 2003 to acquire cor- ; -

. o : DC-8 in a custom manufactured fairing located on top of the
relative data for validation of Stratospheric Aerosol and Gas

. aircraft just in front of the wing and slightly left of the air-
Experiment (SAGE) Ill measurements, and to study IO()larcraft centerline. This allowed the AATS-14 tracking head

winter ozone loss rates and related photochemical processe o : . .
. . O be positioned outside and above the skin of the aircraft,
polar stratospheric clouds, and polar winter transport and |, . :
dvnamics processes. During SOLVE Il the NASA DC-8 which afforded an unobstructed view of the sun for all solar
y P : 9 ' azimuth angles between 18@nd 360 (i.e., to the left) rela-

research aircraft deployed from NASA Dryden Flight Re- tive to the aircraft heading for all solar zenith angles. For rel-

search Center (DFRC) at Edwards Air Force Base (AFB.)’ative solar azimuth angles betweeh &d 180 (i.e., to the

California to Kiruna, Sweden on 9 January and flew 12 SCI'right relative to aircraft heading), the view was unobstructed

ence missions out of Kiruna before its return to DFRC on E.Sfor all solar zenith angles65°, but for solar zenith angles

Februgry. .The DC 8'|nstrument p.ayload consisted of avart_ e it was partially obstructed by the aircraft tail, a VHF
ety of in-situ and active and passive remote sensors, includ- ; e
) L i ntenna, or a satellite communications antenna enclosure for
ing three solar occultation instruments: the fourteen-channe . :

. . certain azimuth angles. Because the other two solar occulta-
NASA Ames Airborne Tracking Sun photometer (AATS- .~ . : .

o tion instruments on the DC-8 were located in the cabin and

14), the NASA Langley Gas and Aerosol Monitoring System viewed out optical ports on the left side of the aircraft, all
(GAMS)-Langley Airborne A-Band Spectrometer (LAABS) P P '

. . . SOLVE Il DC-8 flights were designed to include sun runs
(Pitts et al., 2009 and the National Center for Atmospheric with the sun positioned to the left of the aircraft heading.

1pitts, M. C., Thomason, L. W., Zawodny, J. M., Wenny, B. N., AATS_-14 was the only sun-tracking sensor that was a}ble to
Livingston, J. M., Russell, P. B., Yee, J.-H., Swartz, W. H., and &cquire any data when the sun was located to the right of
Shetter, R. E.: Ozone observations by the Gas and Aerosol Meathe aircraft heading, and useful science data have been de-
surement Sensor during SOLVE II, Atmos. Chem. Phys., in prepaJived from AATS-14 measurements obtained under such con-
ration, 2005. ditions. However, we have judiciously screened these data

1 Introduction
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because analysis revealed that for certain angles these mea; .. 1 pc.g flight dates and times of frost-free AATS-14 mea-
surements were contaminated by diffuse light due to what is;;;rements during SOLVE II.

thought to have been reflection of the incoming solar beam
off the aircraft fuselage or attached structures.

Each science channel in AATS-14 consists of a baffled en-  pgate Starttimé  Stop tim&  No. of measurements
trance path, interference filter, photodiode detector, and in-

tegral preamplifier. The filter/detector/preamp sets are tem- 19712/2002  21:54:00 24:52:46 2142
perature controlled to avoid thermally induced calibration 19/01/2003  09:27:04 13:34:19 2720
1/01/2003 12:30:15 17:46:51 4286

changes. The module that contains the science channels and 412003 10:34:09

the tracking photodiode is protected from the outside air by 59/01/2003  10:18:00 ﬁ;gé 1711673
a quartz window that is exposed to the ambient air stream. 31/01/2003  08:30:14 10:03:18 1076
In an effort to prevent window fogging or frost a foil heater 02/02/2003  09:54:41 12:55:36 2364
is mounted on the inside surface of this window. The heater 06/02/2003  15:00:03 16:49:47 1551
foil has a hole for each science channel and for the tracking

detector, to permit the solar beam to pass through. @ All dates in dd/mm/yyyy format.

Despite the foil heater, during the first three science flights” All times in hh:mm:ss UT format.
(12, 14, 16 January) out of Kiruna thin patches of frost
formed on the internal surface of the quartz window and
caused a decrease in the measured transmission of the indire stored together with data on instrument tracking and tem-
dent solar radiation in 12 of the 14 channels during the flightsperature control, aircraft location, and ambient temperature,
on 12 and 14 January and in 13 channels on 16 January. Thigewpoint, and static pressure. The standard deviations of all
resulted in the retrieval of AOD values that were anoma-the channels are used subsequently in a cloud-screening algo-
lously large in the affected channels and AOD spectra thafithm, as described by Schmid et al. (2003). Data are trans-
were anomalously flat (for the frost-affected channels). Be-mitted serially from a computer within the instrument to a
cause there were no in-flight pictures of the quartz window,remote operator station (laptop computer). The science data
the magnitude and spectral shape of the retrieved AOD specre then combined with previously determined radiometric
tra were initially the only evidence that the anomaly might, calibration values to calculate and display aerosol (particu-
in fact, be an instrumental problem. The problem was cor-late) optical depthr, (1), and columnar water vapor, CWV,
rectly diagnosed as frost on the window during the secondn real time at the operator station.
Kiruna science flight (14 January), when in-flight instrument  Our methods for data reduction, calibration, and error
field of view (FOV) measurements yielded anomalous de-analysis have been described in detail previously (Russell
tector response curves, and pictures of the quartz windovet al., 1993a, 1993b; Schmid and Wehrli, 1995; Schmid et
after the aircraft landed documented the presence of frostal., 1996, 2001, 2003). The AATS-14 channels are chosen
The effect of frost can be modeled as a decrease in windowo permit separation of aerosol, water vapor, and ozone at-
transmission, but the actual magnitude and wavelength detenuation along the measured slant path. From these slant-
pendence of the attenuation attributable to the frost was unpath transmissions we can retrieyg2) in 13 narrow wave-
known, so it was not possible to correct the affected data tdength bands (centered at 354, 380, 453, 499, 519, 604, 675,
retrieve accurate AODs. It is believed that the frost resulted778, 865, 1019, 1241, 1558, and 2139 nm, with full-width-
from residual moisture within the instrument head. The prob-half-maximum bandwidths of 2.0, 4.6, 5.6 5.4, 5.4, 4.9, 5.2,
lem was solved by more extensively purging the instrument4.5, 5.0, 5.1, 5.1 4.9, and 17.3nm, respectively) and the
head with dry nitrogen between flights. As described in acolumnar amounts of water vapor (from the channel cen-
companion paper by Russell et al. (2005) in this issue, in-tered at 941 nm) and ozone. SOLVE Il is the first mission
flight FOV scans and post-acquisition diagnostic data analyin which the 2139-nm channel was flown, but these data will
ses confirmed that window frost did not occur during subse-not be presented because we had not rigorously character-
quent flights. ized gaseous absorption in that passband when the analy-

AATS-14 acquired “frost-free” measurements in all chan- sis for this manuscript was performed. In Fig. 1, the wave-
nels during the sunlit portions of eight science flights during lengths of the AATS-14 channels are shown together with at-
the mission. Table 1 lists the dates and times of measuremospheric attenuation spectra calculated using the Moderate
ments for these eight flights, which included one flight that Resolution Transmission (MODTRAN4v3.0) Code (Kneizys
was staged out of Edwards AFB prior to the aircraft deploy-et al., 1996) for a view path from 10.4km to the Sun at
ment to Kiruna, Sweden, six flights out of Kiruna, and the a solar zenith angle of 90 This figure displays effective
return transit from Kiruna to Edwards AFB. AATS-14 sam- slant path optical thickness, In(1/T), where T is transmis-
ples at three Hz. Every four seconds it records data consion, as a function of wavelength for the primary attenuat-
sisting of an average and standard deviation of nine samplefig species, including Rayleigh and aerosol scattering, and
taken during the first three of the four seconds. These datgaseous absorption. It can be seen in Fig. 1 that, in addition
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Ames 14-channel sunphotometer, AATS-14 r T T T T T T T T T 7
10 YV V¥ ¥V v VVY V¥ v - 21 Jan, 14.501 UT, 9.984 km 1
: j ! i TET et ! L Total ]
? TOTAL 1 *e
Q .0 10 F E
c 10 ¢ @
§ - (_ J ‘__:'.;..“:.:nTotaI minus Rayleigh and NO,
= . = - R 4
= 10 ' % I Aerosol . Chappuis ozone plus aerosol fit
- a 'y s Ve
3 107 Vg 4
- -2 8 F
a 10 L = F =
., 5 |
= 10'3_' ‘ - ' Chappuis ozone *
E R‘ : & 337DU
s | ! 10 £ g
£ 10 d : LRI [ t [ ! . S | |
0.3 04 05 06 0708091 1.2 141618 22.2 0.3 0.4 05 06 07 0809 1 12 14 16
Wavelength (um) Wavelength [microns]

Fig. 1. Atmospheric attenuation (T is transmission) spectra calcu-Fig. 2. Ozone retrieval methodology applied to optical depth spec-
lated using MODTRAN4v3.0 for a view path from 10.4 km to the trum measured by AATS-14 on 21 January 2003. The optimal least
Sun at a solar zenith angle of @0 The passband centers of the Sduares fit yields an ozone column content of 337 DU.

AATS-14 channel filters are also shown.

bration voltages for seven channels to yield “smoath(})
. . . . _spectra. These adjustments wer8.3% of the unadjusted
to the corrections for Rayleigh scattering (for which the Bu November-March mean values for four channels (675, 778,

choltz (1995) cross sections are used) aryjatbsorptlon, 1019, 1240 nm), and 0.6% (499 nm), 0.8% (1558 nm), and
measurements in some AATS-14 channels require correc;

0 . .
o for N0, H,0 and 0.0, sbsorption i order o e % (32417 O e nachd moane o e e
trieve AOD. Gas absorption cross-sections for the AATS- ' )

1¢ chanmels vers conputed usng LBLRTIY .01 (Clougn 10 1 18 134l f e ecentber 2002 g, e
and lacono, 1995) with the CKD 2.4.1 continuum model 0 bp Y y

using the HITRAN 2000 (v11.0) line-list (Rothman et al., set were simple arithmetic means of the adjusted Novem-

2003) that includes an update for water vapor from April per MLO values and the March MLO values. Correspond-

2001. NG cross-sections not included in LBLRTM 6.01 ing Vo uncertainties include statistical (sampling) errors that
' . ._span the range o¥y values included in the averages. Ta-
were taken from Harder et al. (1997). For results in this Lo :
aper NQ column content was assumed constant at 2 Xble 2 presents the MLO calibration results. With the excep-
2015 molecules cm2, which corresponds to optical depths tion of the 941-nm channel, sample standard deviations in

~ 0, i i
of 0.0011 and 0.0008 in the 380-nm and 453-nm channelsv0 were~0.3% or le$5 |n. 12 of the 13 remaining channels
. . . for the November calibration data set, an.2% or less for
respectively. Optical depth due to absorption by@ was

less than 0.0002 in every channel except 1241 nm, where th%” channels except 2139 nm for the March calibration data

ibi 0,
contribution was~0.0013 for a flight altitude of 10 km. Op- set. Most channels exhibited changes of less than 0.7% from
. . - 6 November to March, but the 499-nm and 864-nm channels
tical depth due to KO absorption was negligiblecx107°) L .
. . ) . _exhibited increases of 1.9% and 1.3%, respectively.
in all aerosol channels (that is, excluding 941 nm) for a flight
altitude of 10 km.

Calibration of AATS-14 was achieved by analysis of 3 AATS-14 ozone retrieval methodology
sunrise measurements acquired at Mauna Loa Observatory
(MLO), Hawaii, for six sunrises in November 2002 prior to King and Byrne (1976) developed a weighted least squares
SOLVE Il and for seven sunrises in March 2003 after SOLVE Method for retrieving columnar ozonefrom spectral solar
Il. Exoatmospheric detector voltagés, were derived using irradiance measurements. Their method exploits the known
the Langley plot technique (e.g., Russell et al., 1993a, 1993bsPectral behavior of ozone absorption within the Chappuis
Schmid and Wehrli, 1995) for all channels except 941 nm, forabsorption band (see Fig. 1) and assumes that the spectral
which a modified Langley technique (Reagan et al., 1995;variation inz, can be described by a quadratic fitting func-
Michalsky et al., 1995; Schmid et al., 1996, 2001) was em-tion of the form
ployed to account for water vapor absorption. In a manner _ 2
analogous to that used by Schmid et al. (2003) in analyz-Iog Tp(*) = ao +ailogh + az(log )", @
ing AATS-14 data acquired during the 2001 Asian Pacific wherei is wavelength and the are the fitting coefficients
Regional Aerosol Characterization Experiment (ACE-Asia), to be determined. Figure 2, which demonstrates the method,
we used high altitude AOD spectra acquired during DC-8shows an example of Eq. (1) fitted to values determined from
flights in December 2002 to adjust the November MLO cali- AATS-14 measurements on the DC-8 flight of 21 January

Atmos. Chem. Phys., 5, 2038654 2005 www.atmos-chem-phys.org/acp/5/2035/
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Table 2. Results of Langley plot analysis of AATS-14 measurements acquired during sunrises at Mauna Loa Observatory before and after
SOLVE II. Mean and standard deviation of exoatmospheric detector volt&geare listed. November results include six sunrises; March
results include seven sunrises.

Wavelength(nm): 3535 380.0 4526 499.4 5194 6044 6751 7784 8645 9406 1019.1 12413 1557.8 2139.3
November 2002

Mean: 10.893 9.819 8.966 8.469 8918 6.345 7.348 6.976 7.765 5776 8.114 8106 9.394 8.424
Relative SD (%): 0.23 046 021 031 011 018 014 021 013 284 014 0.08 0.10 0.13
Adjusted November 2002

Mean: 10.893 9.819 8966 8511 8918 6.345 7.333 6.986 7.866 5776 8.098 8122 9.470 8.424
March 2003

Mean: 10.878 9.796 8.994 8.669 8935 6.362 7.283 6.945 7.727 5.642 8.065 8.024 9.395 8.489
Relative SD (%): 0.20 0.23 0.15 0.13 0.12 0.08 0.14 0.06 0.13 1.71 0.08 0.12 0.10 0.27

Combined March and adjusted November
Mean: 10.886 9.808 8.980 8.590 8.927 6.353 7.308 6.965 7.814 5709 8.081 8.073 9.447 8.456

2003. The King and Byrne method minimizes the statisticreported in the literature. Flittner et al. (1993) applied
x2 defined as a second-derivative smoothing approach to retrieve total
1 5 ozone, and reported results comparable with those achieved
XZ = Z — [Iog T, (A;, P, ) —ap —azlogh; —az (log Ai)z] , with the King and Byrne approach when both were compared
i O with TOMS overpass measurements. Taha and Box (1999)
(2 proposed a separate method, originally outlined by Box et
al. (1996), based on an eigenvalue analysis for retrieving to-
tal column ozone. Unlike the King and Byrne approach, the
“Taha and Box method requires a priori assumptions of the
type and optical properties of the aerosol in order to con-
struct the kernel covariance matrix necessary for the eigen-
loge T analysis. They applied both methods to one year of daily

where the summation extends over ajl for which no
additional molecular absorption occurs, P is atmospheri
pressure, ando;s are the standard deviations of the
logz,(%;, P, n) values, or

'2 2

0;" =0; |: 3) measurements obtained at Sydney, Australia with a Multifil-
o (i) =tk (i, P) = na (4i) ter Rotating Shadowband Radi i
g Shadowband Radiometer (MFRSR) (Harrison et

where 7, is measured total optical depthi is calculated  al., 1994) and found that the eigenanalysis gave better agree-
Rayleigh optical depth; represents the uncertainty,(1;)  ment with TOMS overpass ozone retrievals than the King and
in 7,(%;), anda(k;) is the ozone absorption coefficient at Byrne least squares method.
wavelengthr;. Hence, the weighting factors’ are propor-
tional to the relative uncertainties i, (1;). Unfortunately, We have applied the King and Byrne method to the
as King and Byrne note, becauseis a function ofy, the set  SOLVE Il AATS-14 optical depth measurements. As shown
of equations that results after setting the partial derivative ofin Fig. 1 and in Fig. 2, AATS-14 includes seven channels cen-
x? with respect to each of the unknown coefficients, @, tered between 453 and 864 nm located within the Chappuis
&, n7) equal to zero is nonlinear in the coefficients. However, band, including one with its center wavelength (604.4 nm)
for a specific value of), the set of simultaneous equations near the peak, and three with center wavelengths (499.4,
that results is linear in the unknowng, &, a. Hence, the 519.4 and 675.1 nm) where ozone absorption-25-35%
problem can be solved by varying the ozone column contentf that at the peak. For the typical DC-8 SOLVE Il cruis-
n until the minimumy? is found whered x2/n equals zero, ing altitudes of~8—12 km and the background stratospheric
for which n=ng. Finally, King and Byrne point out that, in aerosol conditions that prevailed during SOLVE Il, ozone ab-
practice, the uncertainty in, (1;) can be approximated well sorption comprised a significant fraction of the aerosol-plus-
by the measurement uncertaintyzi);) in the region of the  0zone optical depth measured in the four AATS-14 channels
minimum 2. centered between 499.4 and 675.1 nm. Typical AODs above

King and Byrne applied their method to ground-basedthe DC-8 ranged from 0.003—0.009 in these channels. For
sunphotometer measurements taken in Tucson, Arizona ureomparison, an ozone overburden of 0.3 atm-cm (300 DU)
der light to moderate aerosol loadings (King et al., 1980).translates to ozone optical depths of 0.009, 0.014, 0.041,
Other methods for retrieving columnar ozone have also beemnd 0.012, respectively, at these same wavelengths. Prior to

www.atmos-chem-phys.org/acp/5/2035/ Atmos. Chem. Phys., 5, 20882005
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SOLVE I, we investigated the applicability of the Taha and less. The Yee et al. (2002) algorithm accounts for refraction
Box (1999) method to synthetic SOLVE Il AATS-14 mea- of the incoming solar radiation by assuming horizontal ho-
surements, but we found that their algorithm provided usefulmogeneity of attenuating species within atmospheric shells
results only if the AATS-14 measurements were reduced toof specified thickness (typically, 0.5 km). Recently, Swartz et

the wavelengths used in their paper. al.(2005% have modified the algorithm to account for three-
dimensional variations in species density along the viewing
3.1 Dependence on relative optical airmass path, but our results did not use this formulation. The com-

panion SOLVE Il paper by Russell et al. (2005) presents in-
Accurate retrieval of columnar ozone and/or AOD dependsput profiles and results from our application of the algorithm.
critically on the use of appropriate relative optical airmassin practice, we derived airmass factors for analyzing AATS-
factors for all attenuating species along the instrument line-14 data by using interpolation in matrices of airmass factors
of-sight (LOS). Airmass is defined as the ratio of LOS op- pre-calculated as a function of inertial SZA (at Orgsolu-
tical thickness (OT) to vertical OT (i.e., OD) for any given tion) and aircraft altitude (at 0.5-km resolution) for a partic-
constituent and/or wavelength. When SZAB85°, asitwas  ular SAGE or POAM occultation event. Russell et al. (2005)
for most AATS-14 measurements in SOLVE I, airmass cangive details.
be highly dependent upon the shape of the vertical distribu-

tion of the attenuating species (e.g., Thomason et al., 1983; Our use of satellite profiles to derive the airmass factors

Russell et alj’ ;gggb)_ ngce, armass uncgrtamﬂeg resugrovides a check on the mutual consistency of the sunpho-
from uncertainties in requisite assumed vertical profiles Oftometer and the satellite data sets. The most basic parameter
number density or extinction or simply from lack of avail- a4 is calculated directly from the AATS-14 voltage mea-
able data. Most AATS-14 measurements during SOLVE Il ement in each channel is slant path total solar transmis-
were acquired at large solar zenith angles (SZA) neér 90 gjq, \yhich is just the measured detector voltage divided by
where refraction is significant and small changes in SZA cary, exoatmospheric detector voltage that was derived from
lead to large changes in airmass. the Mauna Loa measurements (corrected for the actual Earth-
In our analysis of the SOLVE Il AATS-14 data set, We g distance at the time of observation). This AATS-14 mea-
have implemented a relatively new airmass algorithm (Yeeg,rement of slant path solar transmission is independent of
et al,, 2002; DeMajistre and Yee, 2002; Vervack et al., girmass factor. We considered keeping the AATS-14 anal-
2002) originally developed for inversion of combined ex- yses wholly independent of the satellite results by report-
tinctive and refractive stellar occultation measurements. ang only AATS-14 path transmission or path ozone values,
have modified the computer routine that implements the alnq comparing these to analogous path transmission or path
gorithm to accept user-input profiles of aerosol extinction o;one values computed from the satellite profiles for each
and _molecular and ozone numb_er density. For flights outy TS viewed path. However, this would have produced re-
of Kiruna, we used profiles retrieved by the SAGE Il or gyts very unfamiliar to readers, since each would have de-
POAM IlI sensors during SOLVE Il to calculate aerosol and pended on the viewing path for each individual AATS mea-
ozone airmass, respectively. At altitudes below the lowerg,;ement. Since our goal is to provide a test of the con-
limit of the satellite retrievals, the satellite-retrieved ozone sistency between the AATS and satellite ozone results, and
profiles were combined with DC-8 based in-situ measure-gince ysing satellite ozone relative vertical profiles to con-
ments of ozone concentration obtained by the NASA Lan-yert AATS path transmission to vertical column ozone does
gley fast response chemiluminescent ozone sensor, FAS;ot invalidate this consistency check, we have chosen this ap-
TOZ (Avery et al., 2001; see aldutp://cloudl.arc.nasa.gov/  proach in the interest of providing results (0zone vertical col-
solvell/instrumentfiles/O3.pdj, during aircraft ascent im- ;mn content) more familiar to the typical reader. We stress
mediately after takeoff from Kiruna at the start of each flight. 1,4t ysing satellite ozone relative vertical profiles to compute

For the December flights out of DFRC and the return transitymasses (used to convert AATS transmission to 0zone ver-
flight from Kiruna to DFRC where measurements were takenica| column content) does not invalidate the test of consis-

at latitudes where no SAGE or POAM profiles were avail- tency between the satellite and AATS results—it just con-
able, it was necessary to construct best estimate models Qfqrts the test products into a more familiar form.

aerosol and ozone number density profiles from a mixture of

climatological data, SAGE or POAM data taken at higher lat-

itudes, and coincident lidar data when available. The MOD-

TRAN subarctic winter model atmospheric density and water

vapor profiles were used for calculating Rayleigh and water

vapor airmass factors, respectively. Comparison of Rayleigh

airmass factors calculated using the subarctic winter model 2swartz, W. H., Yee, J.-H., and Randall, C. E.: Comparison of
with those derived from assimilated meteorological measuretine-of-sight ozone column density with derived ozone fields and
ments (e.g., UKMO) generally yielded differences of 1% or the effects of horizontal inhomogeneity, in preparation, 2005.
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3.2 Uncertainty in ozone retrieval x 1021
. . . ) ~ LBLRTM 220K
King and Byrne (1976) show that the variance in the derived 521 = ;%Fgl\gz%?w
ozone column contenfy may be approximated by 51| — SAGE 298K |
® AATS-14
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where, as noted abowe, is the uncertaintgc, (1;) in 7, (x;)
anda(2;) is the ozone absorption coefficient at wavelength
Ai. They note that if the absolute uncertainties are about
the same at all wavelengths then the wavelengths with the
largest ozone absorption have the largest influence on the
variance, and that the magnitude of the absolute AOD error ~° o . . ‘ .
at that wavelength has nearly a linear effect on the magnitude 590 595 600 605 610 615
of oy,. Their variance expression does not account for any Wavelength [nm]
uncertainty in the assumed ozone absorption spectroscopy.
We show below that the uncertainty due to temperature deFig. 3. Ozone cross sections from LBLRTM and the SAGE Il
pendence of the ozone absorption cross sections within thdatabase near the peak of the Chappuis absorption band. The
Chappuis band is probably negligible. Their variance ex-black dot shows the value calculated by convolving the spectral re-
pression assumes further that the uncertairitigsare well sponse curve for the AATS-14 channe_l centered at 6_304.1 nm (with a
characterized. There are a number of sourcei gf uncer- FWHM of 4.9 nm, as shown by the horizontal bar) with output from
tainties in instantaneous measured voltagés;), calibra- a series of LBLRTM runs for a range of SZAs.
tion —i.e., exoatmospheric detector voltag@éh; ), airmass,
Rayleigh optical depth, and gas absorber optical depths. For
the bulk of our SOLVE |l data, the effect of uncertainties Version algorithm (NASA Langley Research Center, 2002),
in V(A) and Vo(A;) on (S'L'p is minimized because these un- LBLRTM accounts for the temperature dependence of the
certainties are inversely proportional to airmass (Russell ePzone absorption cross sections by taking into account the
al., 1993a) and most of our measurements were acquired &listribution of ozone and atmospheric density along the LOS.
large airmass values. However, for large airmass values, th&s can be seen in Fig. 3, the temperature dependence of
uncertainties in airmass (Sect. 3.1) become relatively morézone absorption in the Chappuis band is small% near
significant, although we have made every effort to minimizethe peak, even for the large range of temperatures shown).
these uncertainties through rigorous calculation of airmasdn fact, for our retrievals, the temperature effect is negligi-
factors, as described above. We believe the Rayleigh opticdple since the vertical distribution of ozone peaks at altitudes
depth uncertainty is well known because we have an accuwhere the range of temperatures is significantly less than
rate measure of the ambient atmospheric pressure and tHoth the range shown in Fig. 3 and the variation of tempera-
Ray|e|gh cross sections are well known. Because the ozong,lres within those shells that account for most of the ozone-
optical depth was a significant fraction of the total for the Weighted path length along the LOS. For an ozone overbur-
channels near the peak of the Chappuis band, the primarglen of 0.3atmcm (300DU), even a 1% uncertainty in the
contributor 087, in these channels is actually the uncer- assumed ozone cross section would result in a maximum un-
tainty in the retrieved ozone column content, which dependssertainty in retrieved columnar ozone of only 0.003 (3 DV) if
critically on the use of correct airmass factors both for ozonethe only AATS measurement used in the inversion were the
and for aerosol and cannot be known a priori. In the absenc&04-nm data, which is not the case.
of any available measurements of the vertical distributions Although most of our SOLVE Il measurements were taken
of aerosol extinction and ozone number density, the choicet large airmass values (typically28 for aerosol and-20
(construct) of inappropriate models can lead to large errordor ozone), as noted above, we do present results for two
in airmass and, hence, in the retrieved ozonemnd flight segments where airmasses wet#0 and as low as

We calculated ozone cross sections for the AATS-14 chan3. As airmass decreases, uncertaintied/§i;) become
nels by convolving the AATS-14 filter functions with output relatively more important and can lead to a significant bias
from LBLRTM for a series of runs for a range of SZAs. Fig- in the retrieved ozone column. This bias does not seem to
ure 3 shows the LBLRTM and the SAGE Il database crossbe captured adequately by the estimated variance expression
sections for the 590-615 nm wavelength region, which en+{Eg. 3). We have quantified this effect empirically by com-
compasses the peak of the Chappuis band, for temperaturggring results from ozone retrievals performed for AATS-
of 220 K and 298 K. We have overplotted our calculated crossl4 data acquired at MLO with coincident columnar ozone
section for the 604.4-nm AATS filter. Like the SAGE Il in- measurements by Brewer and Dobson spectrometers. These

absorption cross section [cm2 molec'1]
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Fig. 4. Ozone column content retrieved from AATS-14 measurements after sunrise during instrument calibration at Mauna Loa Observatory,
Hawaii in (a) November 2002 an¢b) March 2003. Green points show retrievals that use exoatmospheric detector voltages (VO0) calculated
from the Langley plot analysis for the particular day; thick red points use the mean Vo values from the November and March data sets, and
thin red points give the + one standard deviation uncertainty returned by the fitting procedure. Coincident Brewer (blue and cyan) and
Dobson (black) spectrometer ozone retrievals are also shown. Aerosol and ozone airmass values are plotted in purple.

results are presented in Fig. 4, which shows the temporaMarch and adjusted November values) were used. For the
behavior of retrieved columnar ozone for four MLO sunrise latter, 10 uncertainties are also plotted. In addition, both
calibration events each before (November 2002, Fig. 4a) anthe Brewer and the Dobson measurements and curves for
after (March 2003, Fig. 4b) SOLVE II. Results are shown ozone and aerosol airmass are also shown. AATS retrievals
for the case where the& values derived from the Langley agree with the Brewer and Dobson measurements to better
plot analysis (which used the measured Brewer or Dobsorthan 5 DU when the calibration voltages for the specific day
columnar ozone) for the particular day were used in the rewere used. When the mean SOLVE Il calibration voltages
trieval, and for the case where the mégvalues (mean of are used, AATS retrievals for the November period also agree
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Fig. 5. SAGE Ill (a) and POAM Il (b) ozone profiles; comparison of columnar ozone measure@)b$AGE Ill and AATS-14 andd)
POAM IIl and AATS-14. Bars represent minimum and maximum AATS-14 retrievals along the DC-8 flight track.

with the corresponding Brewer/Dobson data to within about4 Measurement results

5DU. However, AATS retrievals for the March data set de-

crease markedly with decreasing airmass and significantiyt.1 Comparison of AATS-14 with SAGE Il and POAM I

underestimate the Brewer/Dobson measurements (by up to

25 DU for an airmass of-2). In summary, the apparent bias In this section, we compare AATS-14 retrievals of columnar

in retrieved ozone column content due to calibration uncer-ozone above aircraft altitude with near-coincident measure-

tainty is negligible for large airmass values (e.g., near 20), anents by SAGE Ill and by POAM III for four occultation

few DU for airmass factors-10, but can be significant (up events each. The SAGE Il occultation events occurred on

to 25 DU) for small airmass values:8). four separate days: 19, 24, 29 and 31 Jan. The four POAM
Il events occurred on two days: 19 and 21 Jan. The satel-
lite measurements obtained on 19 January are unsatisfactory
for comparing SAGE to POAM, as they were separated by
~600km and 3.7 hr. For each occultation event, AATS-14
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Table 3. Times and locations of SAGE IlIl and POAM Il satellite occultation events coincident with DC-8 based AATS-14 measurements;
AATS-14 data times with corresponding DC-8 altitudes, and DC-8 distances from sub-track satellite occultation tangent altitude point (SAGE
—10km, POAM — 20 km).

AATS-14/SAGE Il Coincidences

DATE SAGE SAGE SAGE AATS DC-8 Horizontal
UT Lat Lon uT Altitude Separation
(hr) ~ (deg) (deg) (hr) (km) (km)

19 Jan 9.87 69.3IN 24.2FE 9.69-9.80 9.60-9.80 39-99
10.32-10.62 10.41-10.45 1299

24Jan 1098 70.6IN 11.092E 10.60-10.88 9.91-9.94 7-205
11.00-11.50 8.71-8.76 3-178

29Jan 10.33 72.00N 25.74W 10.13-10.43 10.28-10.32 20-100

31Jan 9.72 725N 36.90W  9.38-9.82 9.05-9.08 24-150

AATS-14/POAM lII Coincidences

DATE POAM POAM POAM AATS DC-8 Horizontal
uT Lat Lon uTt Altitude Separation
(hr) (deg) (deg) (hr) (km) (km)

19Jan 13.60 64.9N 16.05E 13.10-13.22 11.23-11.26 18-59
21Jan 14.64 65.2AN 1.78E 13.22-13.66 9.94-9.95 100-200
21Jan 16.33 65.N 2358 W 14.92-15.43 9.96-9.98 224-300

21Jan 18.02 65.P8N 48.90CW 17.53-17.61 11.16-11.18 48-60

retrievals have been averaged during time periods when thability) of AATS values along the flight track is shown with
DC-8 flew at constant altitude, and the near-coincident satela horizontal bar. For the SAGE/AATS comparison, sepa-
lite profile of 0zone number density has been integrated fronrate values are given for two aircraft altitudes (lower limit
the aircraft altitude to the top of the profile. Table 3 lists of integration for the SAGE profile) for the 19 January and
the times and locations of the satellite observations, and th4 January events. Mean differences are 7.7 DU (3.1%) for
range of AATS-14 measurement times, DC-8 altitudes, andSAGE-AATS)/AATS and—8.7 DU (—2.5%) for (POAM-
horizontal distances from the DC-8 to the sub-orbital satelliteAATS)/AATS comparisons. Corresponding RMS differ-
LOS tangent point corresponding to the AATS-14 data in-ences are 19 DU (7%) for (SAGE-AATS)/AATS and 10 DU
cluded in each average. As can be seen in Table 3, all AATS{3%) for (POAM-AATS)/AATS comparisons. As shown by
14 measurements used in the SAGE comparisons were athe horizontal bars in Fig. 5, spatial variability along the
quired within 45 minutes of the corresponding SAGE obser-AATS flight track is likely a significant contributor to these
vation, and they were separated by no more th@®0 km RMS differences.
from t_he SAGE 10-km LOS.tangent point. AATS-14 data This spatial variability is evident in Fig. 6, which examines
used in the POAM comparisons were separated from th‘?he 24 January case in more detail. The temporal variation in
,POAM 20-km LOS tangent point by a few minutes to a max- Aats A0D is presented in Fig. 6a for the time period 9.8—
imum of ~1.5h and by 20-300 km. 12.2 UT, and the corresponding variation in vertical colum-
Figure 5 shows the measured satellite ozone number demar ozone, aircraft altitude, and SZA is shown in Fig. 6b.
sity profiles and corresponding scatterplots of satellite ver-The SAGE Ill solar occultation occurred at 10.98 UT. AATS
sus AATS retrieved column ozone. The AATS mean 0zoneLOS ozone values (airmass times vertical column ozone) are
value along the flight track during each time period is plot- overplotted with coincident DIAS ozone retrievals and with
ted with a color-coded (by date) dot, and the range (vari-GAMS relative ozone retrievals (derived from measurements
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Fig. 6. Framega) and(b) show the variation in AOD and columnar ozone, respectively, measured by AATS-14 during the 24 January 2003

flight. Corresponding GAMS retrievals are also shown in (b), and AATS-14, DIAS, and GAMS retrievals of ozone number density along the
line of sight (LOS) are plotted ifc). Rms differences are2.1% for AATS and DIAS, and-0.5% for AATS and GAMS. In(d) and(e),

the spatio-temporal variation in AATS-14 columnar ozone along the DC-8 flight track is shown for data acquired at flight altitudes of 9.9 km
(10.6-10.9UT and 11.8-12.2 UT) and 8.74km (11.0-11.7 UT), respectively. Values are consistent with the integrated 10.98 UT SAGE lII
retrieval (color coded dot).

acquired at two different solar zenith angles and normal- Figure 6e presents analogous AATS-14 results for mea-
ized to AATS values at 11.4UT) in Fig. 6c. Mean (AATS- surements acquired at an altitude -©8.74 km during the
DIAS)/AATS differences are-1.75%, with an RMS differ-  10.98-11.71 UT period. These data are included in Fig. 5¢
ence of 2.1%. Mean (AATS-GAMS)/AATS differences are as a separate data point. During this flight segment AATS
0.1%, with an RMS difference of 0.5%. The largest differ- ozone retrievals for measurements closest in time and space
ences occurred during the period before 10 UT, when SZAdo the SAGE Ill 10-km tangent location were 436 DU. The
exceeded 90. lower limit of the SAGE lll retrieval was 9.5 km, and the in-
Figure 6d shows the variation in AATS-retrieved colum- tegrated value above this altitude was 425 DU. Assuming a
nar ozone along the DC-8 flight track above the DC-8 flight constant ozone density between 8.74km and 9.5km equal
altitude of 9.9 km. It includes data from two flight segments, to the SAGE retrieval at 9.5km yields a columnar ozone
10.6-10.9UT and 11.8-12.2 UT, as shown in Fig. 6b. Onlyvalue of 428 DU above 8.74km, or 8 DU (1.8%) less than
data acquired during the first flight segment (which is closerthe AATS-14 8.74-km result (436 DU) closest in time and
to the SAGE Il occultation time of 10.98 UT) were averaged space to SAGE IlI.
for the 9.9-km data point shown in Fig. 5c. The location of
the SAQE I_II 10—km tangent altitude S}Jborbital location is 4 5 Comparison of AATS-14 with GOME and TOMS
shown in Fig. 6d with a large dot that is color coded to re-
flect the SAGE lll columnar ozone value of 422.7 DU, which
was calculated by integrating the SAGE Il ozone number
density profile above 9.9km. Corresponding AATS-14 re-

In this section, we compare values of overlying columnar
ozone retrieved from AATS-14 measurements acquired dur-

trievals range from 401 to 423 DU for the two flight seg- ing extended horizontal transects during three flights (19—
ments, with the maximum measured 210.65 UT just to 20 December, 21 January, 6 February) with correspond-
the southwest of the SAGE tangent location. The AATS-14'"9 TOMS and _GOME total ozone column .retrlevals._ For
columnar ozone retrieval at the 9.9-km altitude DC-8 loca- | OMS, the Version 8 (V8) Level-3 global gridded(lati-

tion closest in time £10.6 UT) and space~@km) to the tude by 1.5 longitude) daily mean product (McPeters et al.,

SAGE IIl 10-km tangent point is 417 DU, o¥6 DU (1.3%) 1993) has bgen u;ed. For GOME, one or both qf the har-
less than the SAGE IIl result. monic analysis daily mean product or the Kalman-filtered as-

similated product (Bittner et al., 1997; Meisner et al., 1999)
has/have been used.
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In order to compare the AATS retrievals with the total col- the longitude range (0-8®V) for which GOME retrievals
umn satellite retrievals, it is necessary to estimate the amountere available along the DC-8 flight track. These values
of ozone below the aircraft altitude. We have made this esti+epresented the smallest SZAs during any of the Kiruna-
mate in two ways: by using an assumed climatological modebased science flights. For analysis of the AATS-14 measure-
(either the 1976 standard atmosphere ozone model or a seaents, ozone airmass factors were calculated using a single
sonal/latitudinal ozone model (McPeters et al., 2003) whichprofile constructed from the FASTOZ measurements taken
is a composite of balloon, SAGE | and SAGE Il measure-below 10km during the ascent (12.2UT, 67N 20.3 E
ments), and/or by incorporating in-situ data obtained by theto 12.8 UT, 67.2N, 12.8 E) after takeoff from Kiruna and
FASTOZ instrument during DC-8 ascent at the beginning orfrom the SAGE Il ozone retrieval at and above 10 km for the
aircraft descent at the end of each science flight. Typically,12.77 UT (69.77N, 19.19 W) occultation. Aerosol airmass
the FASTOZ profiles were separated from the satellite ob-factors were calculated using POAM Il aerosol extinction
servations by several hours. The relative contribution of theretrievals from the 18.02UT (65.16l, 48.90 W) satellite
amount of ozone below the aircraft to the total column will solar occultation event. Ozone airmasses ranged fr8m0—
be discussed in the case analyses below. 17.3, and aerosol airmasses ranged fro&16—35.4. Russell

et al. (2005) show time series of these airmasses.
4.2.1 DC-8 Longitudinal Transect on 21 January 2003

4.2.2 DC-8 Latitudinal Transect on 19-20 December 2002
Figure 7 presents results from the DC-8 flight from Swe-
den to Greenland on 21 January. Corresponding TOMS an®n 19 December 2002, the DC-8 flew a roundtrip latitu-
GOME total column ozone retrievals are shown in color con-dinal transect from Edwards AFB (3498, 117.78 W)
tour maps in Fig. 7a and b, respectively, and the DC-8 flightto 22.6 N, 116.2 W. As shown in Fig. 8, the flight track
track is overplotted in magenta. The GOME data representvas designed to traverse the subtropical jet core and include
the daily harmonic retrieval product. a short segment in stratospheric air neat I[81during the

Figure 7c compares ozone retrievals by AATS-14 with southward transect, which was flown at altitudes between
those from the satellite sensors. At DC-8 flight locations be-10.1 and 10.5km, and a longer segment in the stratosphere
tween 168 W and 56 W (14.6-17.1 UT) columnar ozone re- north of ~30° N during the northward transect, which was
trievals by the three DC-8 solar occultation sensors (AATS-flown at altitudes between 12.4 and 12.1km. During the
14, DIAS, and GAMS) are in good agreement, with RMS southbound flight segment AATS-14 data were acquired at
differences of<1% of the AATS value for AATS-DIAS SZAsthatincreased from 63.8t33.5 N (21.9UT) to 70.3
and~1.5% for AATS-GAMS. DIAS retrievals are shown in at the southernmost point of 228 (23.3 UT). During sun-

Fig. 7c, but GAMS results are not presented here. LOS reset on the northbound return segment AATS-14 successfully
trievals from measurements acquired by all three DC-8 solatracked the sun down to a SZA of 91.2-31.3 N, 25.0 UT).
occultation sensors during this flight can be found in Pitts etHowever, due to uncertainties in ozone and aerosol airmass
al. (2005}. For comparison of AATS-14 results with GOME  factors, AATS-14 ozone retrieval results are presented in
and TOMS total column retrievals, the ozone distribution be-Fig. 9 only for SZAs<89, and they are compared with cor-
low aircraft altitude has been assumed equal to that mearesponding TOMS and GOME retrievals and with smoothed
sured by FASTOZ during the DC-8 ascent out of Kiruna, (using a five-point running mean filter on data at 30-s resolu-
and an amount equal to the integral of the FASTOZ mea-tion) DIAS measurements, which were obtained only during
surements between the surface and the aircraft altitude hase northbound segment. DIAS columnar ozone results were
been added to each AATS-14 ozone retrieval. The resultantalculated from the DIAS LOS ozone retrievals by applying
values are displayed in Fig. 7c with a thick black line. The the same ozone airmass factors that were used in the analy-
amount of ozone below the aircraft increased the AATS-14sis of AATS-14 data. DIAS and AATS-14 columnar ozone
retrievals by~6.5-12% (20-37 DU), which was7-13.7%  results agree to within 1%. No GAMS data are available for
of the total columnar ozone. Corresponding GOME andthis flight. For direct comparison with TOMS and GOME to-
TOMS retrievals are shown in Fig. 7c for comparison. Only tal column amounts, the AATS retrievals have been increased
TOMS data for grid points located within 120 km of the DC- by an amount of ozone (23—-26 DU) below aircraft altitude
8 flight track have been included in the comparison. Satelthat has been estimated using the McPeters et al. (2003) cli-
lite and DC-8 based results appear mutually consistent, inmatological results for December, 2(80° N. These contri-
light of the different spatial and temporal resolutions of the butions represented?7.5-10% of the total columnar ozone.
measurements. The RMS difference between AATS-14 and AATS-14 retrievals indicate a decrease~e40 DU above
GOME retrievals interpolated to the DC-8 flight track is 3.3% the aircraft between 33N and 23 N during the southward
(12DU). transect, including a decrease~a20 DU between 30N and

DC-8 based solar occultation measurements during the 223 N. A slightly larger increase was found over this same
January flight were obtained at refracted SZAs that rangedatitude range during the northbound return at the higher alti-
from ~84° to ~89 (Fig. 7d), with SZAs less than 8bver tude. AATS-14 and DIAS retrievals agree to within a few DU
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track (magenta). Comparison of AATS-14 (gray) and DIAS (green) ozone above DC-8 altitude, and AATS-14 (black) with along-track
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00 UT. 20 Dec. 02. 120W NMC climatological ozone profile at altitudes above and below to

AVN170L42
N q
,o\J {

10 24nries construct a composite profile that was used to calculate ozone
T (Ké00 airmass values that best reflect the actual vertical distribution

=k
o
o

£ 80 g of ozone in that region.

£ 6073 100 & R 4.2.3 DC-8 Transit from Kiruna to DFRC on 6 February
= 3

£ 40 7] 250 2003

< 250 o

o 20 PAR 205 Figure 10 compares AATS-14 and DIAS ozone retrievals

1000 from measurements acquired during the final segment of the
200 DC-8 transit back to California on 6 February with TOMS

and GOME values. AATS-14 results are shown for data

acquired during the period 15.0-16.8 UT, when SZAs de-
Fig. 8. Planned 19-20 December 2002 DC-8 flight track (solid creased from 90just south of the U.S./Canada border to

black) overplotted on 24-h NMC AVN forecast of winds (white con- 68-5' upon landing at Edwards AFB. This corresponded to
tours), isentropic surfaces (magenta lines), and tropopause locatioBZone airmasses of 16 to 2.6. DIAS data are only avail-
(solid yellow line) along 120W longitude. The DC-8 southbound ~ able as far south as 3N. Again, DIAS columnar ozone re-
transit was at the lower altitude. Maps were produced by L. Lait, sults were calculated from the DIAS LOS retrievals by ap-
M. Schoeberl, and P. Newman. plying the same ozone airmass values used in the AATS-
14 data analysis. The mean (AATS-DIAS)/AATS difference
was 0.6%, with an rms difference of 2.3%. AATS-14 values
except near the boundaries of the DIAS data, where largeare shown with dark blue and red symbols, respectively, for
differences lead to a composite RMS difference of 5.8 DU.data acquired at about 12.4 km constant altitude and during
Corresponding TOMS and GOME retrievals interpolated tothe descent into Edwards AFB. The thick yellow line shows
the DC-8 flight track are shown for different time periods that AATS-14 results obtained by adding an estimated amount
encompass the DC-8 flight times. The daily mean TOMS re-of ozone below DC-8 altitude by using FASTOZ measure-
trievals show an increase 6f10-30 DU at similar latitudes ments during descent into DFRC or the 1976 standard atmo-
north of 27 N between 19 and 20 December. The GOME sphere ozone model profile after normalization to AATS-14
data, which include the harmonic analysis retrievals for 19inferred columnar ozone above aircraft altitude. AATS re-
and 20 December (labeled 12 UT), and the Kalman-filteredtrievals show a distinct peak in columnar ozone-@70 DU
product for 23UT 19 December, reflect a much smaller in-above the aircraft (12.3-12.5km) from%4@® 40 N, and a
crease {10 DU) in columnar ozone north of 28l than re-  sharp latitudinal gradient with a minimum value-e290 DU
ported by TOMS. at 35.8 N. During the descent from 12.5km to 1.1 km (alti-
Retrievals from both satellites exhibit the same general lattude of Edwards AFB) AATS observed a 60 DU increase in
itudinal behavior — namely, higher ozone to the north, as ob-0zone to~350 DU.
served by AATS-14. However, after correction for an esti- Gridded data from TOMS and GOME have been interpo-
mated amount of ozone below aircraft altitude, the AATS-14lated to the locations of the DC-8 flight track. Two sets of
data exceed GOME and TOMS 19 December data-B)—  GOME retrievals are shown: the 12 UT harmonic analysis
30DU at all latitudes, but agree to within 10 DU or less with composite product, and the 18 UT Kalman filter data assimi-
20 December TOMS data north of 28. lation. The composite retrieval resolves more of the latitudi-
The DC-8 based NASA Langley Differential Absorption nal variation than does the Kalman product. The agreement
Lidar (DIAL) instrument (Browell et al., 1998; Grant et al., between the latitudinal variation in columnar ozone mea-
1998) measured ozone concentrations at altitudes betweesured by AATS retrievals and that measured by both TOMS
14 and 26 km during the northbound transect for latitudesand GOME retrievals is striking. After correcting AATS val-
north of 25 N. The lidar data indicate an increasing ozone ues for the amount of ozone below the aircraft (42-58 DU,
concentration to the north above 20 km, with a broad peak inrepresenting~11-13% of the total column, for the DC-8
concentration centered-af2 km altitude north 0f~29.4 N. maximum altitude of 12.4km), AATS and TOMS retrievals
Because the lidar data cover a limited vertical range, verti-agree to better than 10 DU, except at the surface, where the
cal integration of the lidar data set yields layer ozone val-AATS value of 350DU is about 30 DU greater than the in-
ues much less than the columnar content (above the aircrafferpolated TOMS value. Upon landing, the ozone airmass
measured by AATS and DIAS. However, the lidar data arevalue was 2.6, which, in light of the uncertainty discussion in
extremely useful because they provide the only measuremertect. 3.2 above, could result in an uncertainty in the AATS
of the vertical distribution of ozone through the peak of the value measured at the surface of up to 25 DU.
stratospheric ozone layer along the DC-8 flight track. The The descent into Edwards AFB permitted a direct com-
data have been combined with the McPeters et al. (2003parison of coincident AATS-14 and FASTOZ measurements.

20 30 40 50
Latitude
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Fig. 9. Comparison of AATS and DIAS columnar ozone retrievals for DC-8 flight of 19—20 December 2002 with corresponding TOMS
and GOME retrievals. The actual DC-8 flight track (magenta) is overplotted on contours of TOMS and GOME columnar ozone in the left
and right upper frames; the upper middle frame shows the refracted SZA and DC-8 altitude during the southbound transit (blue), the climb
from 10.8 km to 12.4 km altitude at the southernmost point (red), and the northbound transit (black). The same color scheme is used for the
AATS-14 ozone retrievals shown in the lower frames. The yellow points show AATS ozone retrievals plus an estimated ozone amount below
DC-8 altitude.

Two approaches have been taken. Columnar ozone values abe  Summary and Conclusions
compared in Fig. 11a and ozone concentrations in Fig. 11b.

In Fig. 11a, the FASTOZ ozone column at 12.2km has been;q 5\ rements with AATS-14 during DC-8 flights in SOLVE
set equal to the AATS-14 ozone overburden retrieved at thaﬁ have been analyzed using least squares methodology to

altitude. The AATS-14 retrieval overestimates the amount Ofretrieve values of columnar ozone above aircraft altitude.

ozozne betweer;;(Z.(l)Snd 1_26 km, as meazurg%by FASTOZ, b¥hese values have been compared with ozone retrievals from
~1 DL.J (or' 3.2210" cm%). In Fig. 11b, di erept|at|on coincident or near-coincident measurements by SAGE lil,
of a spline fit to the AATS-14 columnar ozone profile, shown POAM IIl. GOME. and TOMS. and with coincident ozone

in Fig. 11a, yields a vertical profile of 0zone concentration o yjey s from the other two DC-8 based solar occultation
that is unable to reproduce the fine-scale structure measurqﬁstmmemS DIAS and GAMS

by FASTOZ. This result is not surprising, as 0zone concen-

tration is a second order product of the AATS-14 ozone re- AATS-14 measurements were acquired during four SAGE
trieval. Il and four POAM Il solar occultation events. Compari-

son of AATS-14 columnar ozone retrievals with correspond-
ing values obtained by integrating the satellite retrievals of
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Fig. 10. Comparison of AATS and DIAS columnar ozone retrievals for DC-8 flight of 6 February 2003 with corresponding TOMS and
GOME retrievals. Yellow band shows AATS ozone retrieval plus an estimated amount below DC-8 altitude.

Table 4. Mean relative differences between satellite (SAGE or POAM) and AATS-14 columnar ozone: (satellite-AATS)/AATS.

All cases
19 Jan 24 Jan 29 Jan 31 Jan Mean RMS

DC-8 Altitude:  9.77km  10.43km 8.74km 9.90km 10.3km  9.07km
SAGE-AATS: 10.6% 11.6% 0.4% 27% —-48% —-1.9% 3.1% 7%

19 Jan 21 Jan (three occultations)
DC-8 Altitude: 11.23km 9.94km 9.97km 11.17km
POAM-AATS: —4.9% -25% -21% -0.7% —2.6% 3%

ozone number density above DC-8 altitude yields RMS dif- agree to within RMS relative differences of 2.1% for AATS-
ferences of 19 DU (7% of the AATS value) for SAGE-AATS DIAS and 0.5% for AATS-GAMS. Table 4 lists mean rela-
and 10 DU (3%) for POAM-AATS. The mean difference for tive differences between the satellite and AATS retrievals for
the SAGE-AATS comparisons was 3.1%; for the POAM- each satellite solar occultation event. SAGE values exceeded
AATS comparisons it was-2.6%. Line of sight ozone values AATS retrievals for measurements obtained on 19 and 24
from coincident measurements obtained by the three DC-&8anuary, but were less than the AATS retrievals for 29 and
solar occultation instruments (AATS-14, DIAS, and GAMS) 31 January. POAM retrievals were less than the correspond-
during the SAGE Il solar occultation event on 24 Januarying AATS values for each comparison. Mean satellite-AATS
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DU 261 298 335 372 +10%, and often withint5%. Taha et al. (2004) report sim-

: ' : : : ilar results for comparison of SAGE Ill, SAGE I, HALOE,
: and POAM III ozone retrievals from northern hemisphere
measurements. The magnitudes of the RMS and mean rel-
ative differences for the SAGE-AATS and POAM-AATS
comparisons during SOLVE Il are similar to the results of
these previous studies, which include many more cases. It
is probably unrealistic to expect agreement to better than a
: few percent in comparisons of satellite-satellite or satellite-
] airborne sensor measurements, because of uncertainties re-
i sulting solely from atmospheric spatial and/or temporal vari-
ability.

AATS-14 columnar ozone retrievals from data acquired
during extended horizontal transects during three flights (19—
20 December, 21 January, 6 February) have been compared
with corresponding TOMS and GOME total column ozone
retrievals. In these comparisons, the AATS values were in-
creased by the estimated amount of ozone below the DC-
8 altitude, obtained either from a climatological model or
vt from measurements acquired with the on-board fast response

FASTOZ : : chemiluminescent ozone sensor (FASTOZ) during the air-
inormeltesd to AkTS FASTOZ : craft ascent at the start of each science flight or descent at
at 12.4:km) : 0 i ; i the end of each science flight. Resultant AATS and satel-

7 8 9 10 0 1 2 3 lite retrievals are found to be mutually consistent for the 21
Colun’:?ar Ozzone Ozone !!0- De?sny January and 6 February flights, with RMS differences gener-
[10” cm™] [107 cm™] ally <10-15DU. AATS and DIAS retrievals agree to within
an RMS difference of 1% of the AATS value for the 21 Jan-
Fig. 11. Comparison of AATS-14 and FASTOZ ozone measure- uary flight and 2.3% for the 6 February flight. Corresponding
ments during DC-8 descent into Edwards AFB on 6 February 2003 AATS-GAMS RMS differences are 1.5% for the 21 January
FASTOZ measurements of ozone concentraftgrhave been nor-  flight, but GAMS data are not available for the 6 February
malized to the AATS-14 columnar ozone retrieval at 12.4km alti- giont For the round trip DC-8 latitudinal transect fronfad
Fude and_vertlca_lly_lntegrated fqr comparison to AATS-14 retrievals to 222 N on 19—20 December. coincident DC-8 based mea-
in (a). Differentiation of a cubic spline fit to AATS-14 columnar ’ . .
ozone retrieval¢a) yields ozone concentrations that are compared surements b}’ AATS-14 and by DIAS yield _O_Zone retrievals
to FASTOZ ozone number density (b). that agree with each other te1%. Aftgr addition of an es-
timated amount of ozone below the aircraft to the AATS-14
retrievals, the resultant total column ozone values yield a lat-
. itudinal gradient that is similar in shape to that observed by
differences were<5% of the AATS value for three of the four  ToMms and GOME, but they exceed the satellite values by up
SAGE events (six aircraft altitudes), and for the four POAM 4 30 py at certain latitudes. These differences in absolute
events. The SAGE-AATS comparisons for the 19 Januarymagnitude are attributed to spatial and temporal variability
SAGE solar occultation exhibited the largest mean relativeyat was associated with the dynamics near the subtropical
differences with values ot11%. jet but was unresolved by the satellite sensors.

To put these findings in the context of other work, we ex- AATS-14 ozone retrievals have been compared directly
amine recent POAM-SAGE and POAM-SAGE-ozonesondewith high time resolution in-situ 0zone measurements (the
comparisons, since this is the first SAGE- or POAM-airborne NASA Langley FASTOZ instrument) during the DC-8 de-
sunphotometer ozone study. We reiterate (cf. Sect. 4.1) thadécent into Edwards AFB on 6 February. This was the only
there were no near-coincident measurements by all three adpportunity during SOLVE Il to conduct this type of in-
SAGE, POAM, and AATS during SOLVE Il. In a prior study, depth comparison of measurements obtained by the two in-
however, Randall et al. (2003) report that POAM Il ozone struments. Corresponding layer ozone values agree to within
profiles agreed withia=5% with correlative HALOE, SAGE  ~12 DU for the layer between 12.4 and 1.1 km altitude. Dif-
II, and ozonesonde measurements from 13 to 60 km, with derentiation of a spline fit to the AATS-14 columnar ozone
small POAM bias of up te~0.1 ppmv from 10 to 12km. In  values yields a coarse vertical profile of ozone number den-
a comparison of POAM lIl, HALOE, and SAGE Ill ozone sity that is unable to reproduce the fine structure seen by
retrievals obtained between 15 and 40 km during the 200FASTOZ.

Austral winter, Randall et al. (2005) report differences within
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In this study, we have investigated the retrieval of ozone 3. If results are desired in the form of vertical column con-

column content from application of the King and Byrne tents (rather than slant path column contents or trans-
(1976) least squares methodology to airborne sunphotome-  missions), the relative shapes of the overlying vertical
ter retrievals of aerosol optical depth spectra. In general, distributions of aerosol extinction, ozone number den-

we found agreement between AATS-14 and near-coincident  sity, and neutral molecular number density are known
satellite-derived values of columnar ozone of 3-7% (RMS or can be modeled to accuracies yielding airmass fac-
and mean differences). These results are similar to values tors accurate to a few percent.

cited in recent studies of POAM and SAGE ozone concen- ) o
tration measurements. Comparison of AATS with DIAS or 4- For SZAs>~83, the vertical temperature distribution
GAMS retrievals yields RMS differences of less than 0.5— IS sufficiently well known or modeled to permit accu-
2.3%. Although these small RMS differences do not pro- rate calculation qf atmosphenc refraction along the in-
vide a direct measure of the absolute accuracy of our results, ~ Strument to Sun line of sight.

they do confirm the mutual consistency of the simultaneous
measurements obtained by the three DC-8 solar occultation

instruments. While we cannot claim that our method of re-The AATS-14 measurements used in the SAGE Il and
trieving columnar ozone can provide the 2% validation accu-pOAM 11l comparisons satisfied all of the above criteria, as
racy desired by the OMI instrument (Earth Observing Sys-did the AATS data acquired during the 21 January horizontal
tem (EOS) Aura Science Data Validation Needs, 2004), wetransect and subsequently compared with GOME and TOMS
believe that the excellent agreement among the simultaneougata. Based on the criteria listed above, portions of the 19
measurements obtained by the three solar occultation instrusecember and 6 February flights were not ideal for retrieval
ments on board the DC-8 gives credence to the usefulnesgf ozone because they included measurements acquired at
of such measurements for satellite validation. We note thalszAs as low as 64and 70, respectively. In addition, the 6
the present study differs from the typical satellite sensor val-Fepruary flight also included data taken at lower flight alti-
idation study in which a ground-based or airborne sensor isudes (during the descent into Edwards AFB) where the AOD
combined with a proven analysis technique to assess the agepresented a larger fraction of the total AOD-plus-ozone
curacy of the satellite sensor measurement. In that senseyptical depth than occurred at flight altitudes above 8.5km
the current investigation represents as much an assessment@fere most of the SOLVE Il AATS-14 data were acquired.
the feasibility of airborne sunphotometry to retrieve colum- Nevertheless, for the time periods during these flights when
nar ozone for future validation of satellite-retrieved ozone asp|AS measurements were available (SZ22° and altitude

it does an assessment of the satellite measurements used 42 km on 19 December; SZA74° and altitude>12 km

this study. However, we also stress that, prior to the DC-on 6 February), AATS and DIAS columnar ozone retrievals
8 measurements, the accuracy of the AATS ozone retrievalghowed excellent agreement to within a few DU.

was extensively tested and characterized (e.g., as a function

of airmass) by comparisons to Dobson and Brewer specAcknowledgementsThis research has been supported by NASAs
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